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Foreword 



Cancer initiation and progression reflect the combined effects of tumor cell- 
autonomous genetic alterations and the complex interplay of tumor cells with 
nontransformed host elements. Whereas intense effort has been directed towards 
elucidating the mechanisms by which mutations in oncogenes and tumor suppressors 
give rise to the hallmarks of cancer, increasing attention is being devoted to clarifying the 
role of host reactions in tumor pathogenesis. Hal Dvorak’ s concept of cancer as a “wound 
that does not heal” has stimulated detailed investigations of the molecular pathways by 
which tumor cells subvert host factors released in response to tissue injury. While chronic 
inflammatory reactions usually fail to effectuate tissue repair, they may result in the 
persistent production of cytokines that, perhaps unintentionally, promote tumor cell 
growth, attenuate apoptosis, and facilitate angiogenesis, invasion, and metastasis. The 
delineation of these pathways and the recognition that they contribute to multiple stages 
of disease progression support the crafting of therapeutic strategies aimed at antagonizing 
these responses. 

In contrast to the diverse ways in which tumor cells may exploit host reactions, other 
compelling data indicate that the immune system sometimes may impede tumor 
development. Indeed, mice rendered immune deficient by gene targeting techniques 
display increased tumor susceptibility, and studies in immunocompetent animals illustrate 
that host responses profoundly shape the immunogenicity of nascent tumors. Despite 
these provocative findings, however, the formation of clinically evident tumors implies 
a failure of protective host reactions. Some of the mechanisms underlying this immune 
escape have been unraveled; these include inefficient tumor antigen presentation and 
negative immune regulatory circuits that normally function to maintain tolerance to self- 
antigens. These insights have provided a strong framework for devising new approaches 
to enhance antitumor immunity. Early-stage clinical testing of dendritic cell-based 
vaccines, defined immune adjuvants, antibodies that block regulatory pathways, adoptive 
transfer of antigen-specific T cells, and cytokine therapies have shown considerable 
promise. 

In Cytokines in the Genesis and Treatment of Cancer, Drs. Caligiuri and Lotze bring 
together an impressive array of internationally distinguished investigators who are 
devoted to the study of cytokines and cancer. Collectively, these reviews provide a 
comprehensive picture of the dual role of host responses in promoting and inhibiting 
tumor progression. The emerging intersection of cancer biology and cancer immunology 
is creating synergies that should accelerate the design of efficacious therapies ; this volume 
represents an important contribution to that effort. 

Glenn Dranoff, MD 
Dana-Farber Cancer Institute 
and Harvard Medical School 
Boston, MA 
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A flea and a fly in a flue. 

Were imprisoned, so what could they do? 

Said the fly “Let us flee!” 

“Let us fly!” said the flea. 

And they flew through a flaw in the flue. 

1. Introduction 

For over two decades it has been clear that cancer is a disease of the genes, associated 
with stepwise acquisition of mutations or molecular flaws arising in oncogenes and tumor 
suppressor genes that lead to abnormal cell death and unscheduled, reparative, cellular 
growth. More recently, it has also become clear that cancer in adults arises most often in 
the setting of chronic inflammation and that critical cytokines, the hormones that regulate 
cell growth, cell death, and cell function, also contribute to the pathogenesis of these 
cancers and can be commandeered to either prevent or treat patients with cancer. This 
volume collects the most exciting components of this evolving story so as to further cross- 
fertilize the worlds of immunology and oncology, enabling conception of novel 
interventions for the prevention and treatment of patients with cancer. In addition, we 
provide an up-to-date summary and assessment of the use of cytokines in harnessing 
components of the body’s immune and hematopoietic systems for the direct and 
supportive treatment of patients with cancer. 

2. Cytokine Biology 

The components of the immune system, including cytokines and the cells they act on, 
sit between inflammation and the genesis of cancer. Cytokines are largely released by 
immune cells in response to tissue inflammation caused by danger, damage, or injury 
secondary to either infection (providing so-called pathogen-associated molecular patterns 
or PAMPs, cueing inflammatory cells) or chemical/physical induced cellular damage- 
associated molecular patterns or D AMPs (similarly driving recruitment and activation of 
myeloid cells). If such insults cannot be resolved quickly, chronic cytokine deregulation 
can contribute to the initiation and progression of cancer through a variety of mechanisms 
detailed in the ensuing chapters. The dizzying array of malignancies most commonly 
associated with chronic inflammation as the result of infection or chemical injury include 
bladder cancer from infection with schistosomiasis or analine dye exposure, lung cancer 
from smoking or asbestos exposure, colon cancer subsequent to inflammatory bowel 
disease and excessive red meat consumption, gastric cancer from Helicobacter pylori 
infection, cervical cancer arising in the setting of human papilloma virus, skin cancer 
from ultraviolet irradiation or chronic ulceration, esophageal cancer from gastric acid 
reflux, esophageal and head and neck cancer from excessive alcohol and/or tobacco 
consumption, hepatocellular carcinoma from hepatitis B or hepatitis C viral infections, 
lymphoma from Epstein-Barr virus infection, and lymphoma or Kaposi’s sarcoma from 
human herpes virus 8 infection. In some instances, the chronic use of anti-inflammatory 
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agents has been associated with a lower incidence of cancer, lending further support to 
the role of chronic inflammation in the etiology of cancer. 

3. Molecular Mechanisms of Cytokine Associated Carcinogenesis 

The molecular mechanisms used by cytokines to initiate or promote carcinogenesis are 
fascinating yet varied and incompletely understood. Several insights derived from in 
vitro systems and mouse models are covered in the first two parts of this text. The 
cytokine macrophage-migration inhibitory factor, an active component of both local and 
systemic inflammation, is capable of functionally inactivating the tumor suppressor p53 
as well as the Rb-E2F pathway (1,2), whereas dysregulation of IL-15 is associated with 
acute leukemia and a genome- wide, nonrandom methylation in the 5 ' regulatory regions 
of select genes that results in their silencing (3). The interleukin- 1 [IL-1] gene is 
polymorphic, some variants of which strongly associate with altered secretion and the 
subsequent development of gastric cancer (4), appearing to be important for both tumor 
invasion and angiogenesis (5). TNF inhibits skeletal muscle differentiation by suppressing 
MyoD mRNA at the post- transcriptional level and inducing NFkB (6). These changes are 
associated with comorbid conditions including cancer-associated muscle wasting or 
cachexia, described in detail in Chapter 16. 

The chapters contained within the first half of this book detail the diverse ways that 
individual host cytokines contribute to cancer initiation and cancer progression. Thus 
neutralization or disruption of their effect on host tissues should presumably prevent 
cancer, slow its progression, or favorably alter the threshold for apoptosis in the context 
of cytotoxic anticancer therapy. Most recent studies are consistent with the notion that life 
in the tumor microenvironment is indeed disordered, associated with hypoxia, mitotic 
catastrophe, autophagy, and frank necrosis and apoptosis — all means of death driven by 
genomic instability and chronic inflammation. In experimental animal models, 
elimination or neutralization of individual cytokines can adversely impact the genesis of 
cancer, often arising in the setting of chronic inflammation. For example, although TGF- 
(3 likely promotes the late stages of colon carcinogenesis, its absence in Rag2 deficient 
mice renders them more susceptible to the spontaneous development of colon cancer only 
when these mice are not maintained under pathogen-free conditions ( ref. 7 and Chapter 
5). It is more likely that a balanced symphony of cytokines is required to finely regulate 
tissue homeostasis, responding to tissue damage in some instances, and in others 
promoting neoplastic progression and reparative expansion of neoplastic clones. 
Flimination of any one cytokine may go unnoticed because of redundancy or may advance 
local environmental dysfunction in a way that exacerbates inflammation because of 
unexpected pleiotropy or unopposed action of other mutually antagonistic cytokines. A 
multitude of such scenarios is considered throughout this treatise and the results are 
carefully interpreted in the context of these experimental systems. 

The first three chapters focus on the interface of cytokines with three infectious agents, 
H. pylori, HTFV-1, and human herpes viruses associated with the genesis of cancer. In 
each instance, only a small fraction of individuals infected with these agents eventually 
develop cancer. Gastric infection with H. pylori induces a persistent proinflammatory 
cytokine response, resulting in malignant transformation depending on the host’ s immune 
response genes along with the individual pathogen’ s virulence factors. Although infection 
with HTFV-1 is endemic in many regions of the world, the molecular mechanisms used 
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by the virus to establish persistent infection while simultaneously circumventing immune 
surveillance is only partially understood. The role of cytokines and chemokines in both 
the transformation of infected lymphocytes to adult T -cell leukemia/lymphoma and their 
spread into tissues, as occurs in a small fraction of those infected with HTLV-1, is 
complex and carefully detailed in Chapter 2. Both human herpesvirus-4 (the Epstein-Barr 
virus or EBV) and human herpesvirus-8 are associated with the activation of numerous 
cellular cytokines and the induction of their own viral homologues of cellular cytokines. 
Chapter 3 reviews both viral and cellular encoded cytokines and explores their roles in 
malignant transformation as well as in modulating the host’s immune, angiogenic, and 
stromagenic response. 

Chapters 4-10 focus on specific cytokines and their complex roles in the initiation and 
promotion of cancer, providing insights in cancer prevention and treatment. Several of 
the factors have seemingly paradoxical functions in these processes. Eor example, TNE 
plays a role in the processes of tumor angiogenesis, metastasis, promotion, and growth, 
but is also applied successfully as an anticancer agent in treating patients with melanomas 
or sarcomas restricted to the limb in the setting of isolated limb perfusion and in 
combination with alkylating agents, now approved for clinical use in Europe but not yet 
in the United States. A review of the most recent biology of this pleiotropic molecule and 
its receptors here provides some clarification to help understand these seemingly 
contradictory observations. Eikewise, TGE-(3 is a fascinating cytokine with a complex 
signaling network that alters malignant transformation by at least two distinct processes. 
Early in cancer initiation, TGE-(3 acts as a tumor suppressor inducing both cell cycle 
arrest and programmed cell death. However, during cancer progression, genetic mutations 
at the level of the receptor or in the SMAD signaling pathway can alter the tumor’s 
response to TGE-(3 resulting in its paradoxical promotion of tumor invasion, metastasis, 
and angiogenesis. This can occur through additional signaling molecules including 
MAPK, JNK, ERK, PI3K, and others as discussed in Chapter 5. IE-6 is another example 
of a pleiotropic cytokine, this time with a pivotal role in the systemic clinical 
manifestations of multicentric Castleman disease and in the pathogenesis and prognosis 
of multiple myeloma, both detailed in Chapters 6 and 10. In addition, several other 
cytokines and growth factors are important in multiple myeloma and include many of 
those mentioned above (e.g., vascular endothelial growth factor, IE-1, and a variety of 
TNE family members). All of these are carefully discussed in the context of this complex 
and lethal disease in Chapter 10. 

Several type 2 cytokines are considered in the context of oncogenesis as well as 
experimental therapeutics. IE-4 and IE- 13 are considered collectively in Chapter 7 as 
their cognate receptors share at least two subunits with each other. IE- 13 is implicated as 
an autocrine growth factor for Reed-Sternberg cells in classical Hodgkin’s lymphoma. 
More recent experimental therapeutic interventions with a soluble IE- 13 decoy receptor 
inhibited growth of Hodgkin’s lymphoma in vitro and in vivo ( 8 ). In addition, such 
therapy may favorably alter the type 1/type 2 cytokine balance for enhancement of 
immune surveillance and tumor immunity, such as has been observed with neutralization 
of TGE-(3 (9). In addition to these neutralization approaches, this chapter reviews recently 
completed phase I investigations of a genetically altered IE-4 molecule linked to a toxin, 
exploiting the high number of IE-4 receptors expressed on the surface of certain solid 
tumors such as glioblastoma. Although IE- 10 is primarily known as a cytokine that 
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dampens the immune responsiveness of antigen presenting cells, it also has an immune 
enhancing antitumor effect for NK cells and CD8(+) T-cells. This dichotomous cytokine 
is carefully considered in the context of initiating the local response surrounding tumor 
cells as well as its role in regulating systemic responses in Chapter 9. 

5. Complex Interactions Between Cytokines and Oncogenesis 

Following the review of selected individual cytokines in the genesis of cancer and their 
uses in experimental treatment of cancer, we review more complex interactions between 
cytokines and cancer. Chapters 1 1 and 12 examine selected murine models of both 
cytokine-induced cancer as well as cytokine-induced prevention of cancer. Chapters 13 
and 14 examine some of the early work now emerging from the study of cytokines within 
the tumor stroma. This is followed by a review of the network of chemokines and 
chemokine -receptor expression in the context of both the tumor microenvironment and 
tumor progression. Chapter 16 deals with the complex and poorly understood process of 
cancer-induced cachexia or muscle wasting, with a special focus on the role of TNF-a 
in this condition that so often limits the successful treatment of certain solid tumors. 

6. Application of Cytokine-Based Therapeutics 

Although cytokine networks are complex, there has been notable progress, both in 
animal models of cancer and in humans with cancer or cancer susceptibility, in 
demonstrating the use of cytokine or anticytokine therapies for the prevention and 
treatment of cancer. In the second half of the book, we focus on cytokines that have either 
been FDA approved for the treatment of patients with cancer or are now in clinical 
development. The first cytokine commercially approved for the treatment of patients 
with cancer was IL-2. The history of its development, as well as the data supporting the 
two cancers for which IL-2 is approved (renal cell carcinoma and melanoma), and a 
multitude of experimental avenues currently being investigated are all reviewed in 
Chapter 17. Although IL-12 is not commercially approved for the treatment of patients 
with cancer, this fascinating cytokine has a strong preclinical track record supporting its 
use as an anticancer agent. Chapter 18 reviews IL-12 biology, preclinical and clinical 
development in a variety of solid and hematologic malignancies, as well as its use in 
combination with antibodies and chemotherapy. The application of IL-18, another 
interferon-yinducing cytokine recently introduced in the treatment of patients with cancer 
in phase I and II studies, is considered in the chapter on the IL-1 family members, which 
now number ten. Perhaps the best-studied cytokines are the type I interferons, approved 
for the treatment of patients with chronic myeloid leukemia, melanoma, and renal cell 
carcinoma. The successes and limitations with interferon therapy are carefully reviewed 
in Chapter 19 along with an excellent summary of its cellular and molecular effects as 
well as our understanding of its role in the immune response. Chapter 20 reviews 
preclinical rationale and clinical development of cytokine combinations for the treatment 
of patients with cancer. Virtually every combination that is reviewed in this chapter 
contains cytokines as individual agents previously presented in this book. This is next 
followed by a chapter reviewing the history and current preclinical and clinical status of 
tumor reactive antibodies chemically linked to immune activating cytokines for the 
experimental treatment of patients with cancer, with an emphasis on pediatric solid 
tumors in the setting of minimal residual disease. Given that most cytokines regulate 
immunity at a local or regional level. Chapter 22 reviews the limitations to date in 
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systemic delivery of cytokines to enhance vaccination with tumor-associated antigens, 
as well as the history and future application of loco-regional delivery of cytokines in the 
form of gene therapy as a more promising means to boost such vaccination. 

Insights in cytokine biology enabling the successful treatment of patients with cancer 
are summarized here. Chapter 23 reviews the experimental use of tumor necrosis factor- 
a (TNF-a)-neutralization to enhance tolerance and sensitivity to cancer chemotherapy, 
whereas Chapter 24 reviews the highly successful application of cytokines including 
GM- and G-CSF in the reduction of serious infection encountered by cancer patients 
undergoing intensive myelosuppressive chemotherapy with curative intent. 

7. Summary 

To be sure, we are only at the beginning of understanding what is now appreciated as 
a very complex relationship between the immune cells, the extended family of cytokines, 
chemokines, and defensins, and the genesis and treatment of patients with cancer. As this 
book is being assembled there are hundreds of articles being published that cannot be 
included but serve as the basis for updates and the next edition. Clearly, a deep 
understanding of the Darwinian nature of cancer/cytokine biology is in its infancy. The 
interventions to come from genetically altered mouse models as well as preclinical and 
clinical trials will provide enormous advances in our understanding of how immune cells 
and the cytokines that they respond to and secrete influence cancer progression. As we 
begin to dissect this relationship and target individual components of the cytokine milieu 
for the prevention and treatment of patients with cancer, we will begin to make real 
progress. It is with this in the forefront of our minds that we provide this first edition on 
the subject. It is our hope that this stimulates provocative approaches that both promote 
protective antitumor host responses and inhibit those that appear to contribute to the 
genesis of cancer. 

Michael A. Caligiuri, md 
Michael T. Lotze, md 
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1. INTRODUCTION 

Rudolph Virchow pioneered the hypothesis that inflammation exerts a profound influ- 
ence on the development and biological behavior of cancer nearly 150 years ago, and 
since that time it has become increasingly apparent that microbial pathogens contribute to 
the genesis of a substantial number of malignancies worldwide ( 1 ). Conservative esti- 
mates indicate that nearly 15% of all cancer cases are attributable to infectious agents, 
translating to a malignant burden of 1.2 million cases per year ( 1 ). One mechanism that 
contributes to carcinogenesis induced by chronic pathogens is the concomitant inflamma- 
tory response that leads to the production of mutagenic substances, such as nitric oxide 
( 2 ). Nitric oxide, in turn, can be converted to reactive nitrogen species, which nitrosylate 
a variety of cellular targets including DNA and proteins, and similarly, superoxide anion 
radicals generated by polymorphonuclear cells induce DNA damage through the forma- 
tion of DNA adducts. Viral agents can directly transform host cells by integrating active 
oncogenes into the host genome ( 1 ). Thus, there is precedence and support for the concept 
that infectious agents can initiate or promote pathways that eventuate in neoplasia. 

Gastric adenocarcinoma is the second leading cause of cancer-related death in the 
world ( 3 ), and two histologically distinct variants have been described. Diffuse-type 
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Fig. 1. Complications of Helicobacter pylori colonization. 



gastric cancer most commonly affects younger persons and consists of individually infil- 
trating neoplastic cells that do not form glandular structures (4). In contrast, intestinal- 
type adenocarcinoma occurs at a later age and progresses through a well-defined series 
of histologic steps initiated hy the transition from normal mucosa to chronic superficial 
gastritis, which then leads to atrophic gastritis and intestinal metaplasia, and finally to 
dysplasia and adenocarcinoma (Fig. 1) (3,4). Helicobacter pylori is a Gram-negative 
hacterial species that selectively colonizes gastric mucosa, and virtually all persons who 
are colonized hy this organism develop coexisting gastritis, a signature feature of which 
is the capacity to persist for decades. This is in marked contrast to inflammatory reac- 
tions induced hy other Gram-negative enteric pathogens, such as Salmonella, that either 
resolve within days to weeks or progress to eliminate the host. However, there is a bio- 
logical cost incurred hy long-term relationships between H. pylori and humans in that 
chronic inflammation confers a significantly increased risk of serious disease, including 
gastric adenocarcinoma (Fig. 1; refs. 5-20). 

Epidemiological studies in humans and experimental infections in rodents have 
clearly demonstrated that interactions between H. pylori and its host significantly 
increase the risk for atrophic gastritis, intestinal metaplasia, and distal gastric adenocar- 
cinoma (2,3). Based on these data, the World Health Organization has classified 
H. pylori as a class I carcinogen for gastric cancer, and because virtually all infected 
persons have superficial gastritis, it is likely that the organism plays a causative role 
early in this progression (Fig. 1). Although persistent H. pylori infection is the strongest 
identified risk factor for malignancies that arise within the stomach, only a small per- 
centage of colonized persons ever develop neoplasia, raising the hypothesis that enhanced 
cancer risk involves specific and well-choreographed interactions between pathogen 
and host, which, in turn, are dependent on strain-specific bacterial factors and inflam- 
matory responses governed by host genetic diversity. The inflammatory infiltrate that 
develops in response to H. pylori is orchestrated by cytokines, which facilitate chemoat- 
traction of hematopoietic populations, recruit downstream effector cells, and determine 
the natural history of an inflammatory response. Thus, a clear understanding of how 
H. pylori initiates gastric cancer necessitates understanding how H. pylori induces gas- 
tritis and this chapter will therefore focus on specific mechanisms by which H. pylori 
colonization leads to gastric inflammation and injury via manipulation of the host 
cytokine response. 
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Fig. 2. Toll-like receptors (TLRs) that recognize microbe-associated molecular patterns. PGN, pepti- 
doglycan; LPS, lipopolysaccharide; CpG, cytidine-phosphate-guanosine. 



2. H. PKOi?/-INDUCED GASTRIC INFLAMMATION 

If a bacterial species is to persistently colonize a mammalian host, its most formidable 
challenge is to evade immune clearance. One mechanism through which H. pylori may 
persist is by limiting the bactericidal effects of pro-inflammatory molecules, such as nitric 
oxide (21). Another level of host defense that may be circumvented by H. pylori 
is innate immunity. Toll-like receptors (TLRs) are an evolutionarily conserved family 
of eukaryotic receptors that function in innate immunity via recognition of invariant 
regions in bacterial molecules termed pathogen- or microbe-associated molecular patterns 
(22-24). Although the bacterial ligands for TLRs are distinct, signaling pathways used by 
these receptors all appear to eventuate in NF-kB activation and pro-inflammatory gene 
expression (Fig. 2). It is becoming increasingly clear, however, that H. pylori has evolved 
strategies to avoid activation of this system. For example, TLR4 recognizes bacterial 
lipopolysaccharide (LPS), yet H. pylori LPS is relatively anergic compared with that of 
other enteric bacteria, primarily because of lipid A core modifications (25-27). In contrast 
to flagellins expressed by Gram-negative mucosal pathogens that activate TLR5-mediated 
pro-inflammatory responses, H. pylori flagellin is noninflammatory (28,29). H. pylori 
can also facilitate persistence by varying the antigenic repertoire of surface-exposed 
proteins (30) and by actively suppressing the host adaptive immune response (31-34). 
However, despite these strategies for evading clearance, substantial immune activation 
still occurs during colonization as manifested by epithelial cytokine release, infiltration 
of the gastric mucosa by inflammatory cells, and cellular and humoral recognition of 
H. pylori antigens (27). 

The gastric inflammatory response induced by H. pylori consists of neutrophils, lym- 
phocytes (T and B-cells), plasma cells, and macrophages, along with varying degrees of 
epithelial cell degeneration and injury (35). Invasion of the gastric mucosa is rarely if at 
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all identified in vivo, and therefore other potential mechanisms for induction of inflam- 
mation must he postulated. One possibility is that H. pylori secrete substances that stim- 
ulate mucosal inflammation from afar. For example, urease has been detected within 
the lamina propria and the urease complex of H. pylori stimulates chemotaxis by 
both monocytes and neutrophils and activates mononuclear cells as well (35). Similarly, 
H. pylori porins and low-molecular-weight molecules possess chemotactic properties 
(36). H. pylori water extracts promote neutrophil-endothelial cell interactions in vitro 
and increase leukocyte adherence via CD 1 1 a/CD 18 and CDl lb/CD18 interactions with 
intercellular adhesion molecule type-1 (ICAM-1) (38,39). 

2.1. H. pylori Contact-Mediated Cytokine Release 
and the Development of Acute Inflammation 

The presence of acute inflammatory components within H. py/on'-infected mucosa 
suggests that soluble mediators capable of attracting polymorphonuclear cells (PMNs) 
are key regulators in disease development. Therefore, another mechanism through which 
H. pylori may induce inflammation is via direct contact with gastric epithelial cells and 
stimulation of cytokine release. Gastric epithelium from infected persons contains 
increased levels of interleukin- 1 [3 (IL-1[3), IL-2, IL-6, IL-8, and TNF-a (40-44), and 
within this group, IL-8 has been studied most intensively as a mediator of H. pylori- 
induced gastritis. IL-8 is a potent neutrophil-activating chemokine that is secreted by gas- 
trointestinal epithelial cells in response to infection with pathogenic bacteria (45), and 
IL-8 produced by activated enterocytes binds to the extracellular matrix and establishes 
a haptotactic gradient that directs inflammatory cell migration towards the epithelial cell 
surface (46^9). Consistent with these observations for infected intestinal epithelial cells, 
expression of IL-8 is increased within H. py/on'-colonized gastric mucosa (43,50) where 
it localizes to gastric epithelial cells (50), and levels of IL-8 are directly related to the 
severity of gastritis (43). In vitro, H. pylori stimulates IL-8 expression and release from 
gastric epithelial cells and these events are dependent on an active interplay between 
viable bacteria and epithelial cells (51-53). Thus, a paradigm for the acute component 
of H. pylori-induced gastric inflammation is that contact between bacteria and epithe- 
lial cells stimulates IL-8 secretion, which then regulates neutrophilic infiltration into the 
gastric mucosa. 

2.1.1. Molecular Regulation of H . pelorz-Induced IL-8 Gene Expression 

Pro-inflammatory cytokine expression is often regulated at the mRNA level by solu- 
ble transcription factors and the human IL-8 gene contains several motifs within its pro- 
moter region including binding sites for NF-kB, NF-IL6, AP-I (which is composed of 
the binding elements c-fos and c-jun), and a recently identified novel element that is 
homologous to an interferon-stimulated responsive element (ISRE) (Fig. 3) (54-57). 
NF-kB constitutes a family of transcription factors sequestered in the cytoplasm, whose 
activation is tightly controlled by a class of inhibitory proteins termed IkBs (58). 
Multiple signals, including microbial contact, stimulate phosphorylation of IkB by IkB 
kinase (3 (IKK(3), which leads to proteasome-mediated degradation of phospho-lKB, 
thereby liberating NF-kB to enter the nucleus where it regulates transcription of a vari- 
ety of genes, including immune response genes (Fig. 3) (59). Stimulation and activation 
of NF-kB does not require protein synthesis, thereby allowing efficient activation of tar- 
get genes, such as IL-8. This system is particularly used in immune and inflammatory 
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Fig. 3. Helicobacter pylori activates multiple signaling pathways in gastric epithelial cells. IKK, IkB 
kinase; MKK, MAP kinase kinase; INK, c-Jun amino-terminal kinase; MEK, mitogen-activated 
protein kinase kinase; ERK, extracellular signal-regulated protein kinase; IRE, interferon-regulatory 
factor; STAT, signal transducer and activator of transcription; ISRE, interferon-stimulatory response 
element; kB, Kappa B; NF, nuclear factor; AP-1, activation protein- 1. 

responses where rapid activation of defense genes following exposure to pathogens such 
as hacteria is critical for survival of an organism. Several studies have demonstrated that 
contact between H. pylori and gastric epithelial cells results in brisk activation of NF- 
kB, which is followed by increased IL-8 expression (Fig. 3) (54,57,60-62). The ability 
of H. pylori to activate NF-kB in vitro has also been corroborated in vivo as activated 
NF-kB is present within gastric epithelial cells of infected, but not uninfected patients 
(60), which mirror the topography of increased IL-8 protein within colonized mucosa. 

Mitogen-activated protein kinases (MAPK) also mediate H. py/on'-dependent IL-8 
expression. MAPK are signal transduction networks that target transcription factors 
such as AP-1 and participate in a diverse array of cellular functions, including cytokine 
expression (63-65). MAPK cascades are organized in three- ki nase tiers consisting of a 
MAPK, an MAPK kinase (MKK), and an MKK kinase (MKKK), and transmission of 
signals occurs by sequential phosphorylation and activation of components specific to a 
respective cascade (Fig. 3). In mammalian systems, at least five MAPK modules have 
been identified and characterized to date; these include extracellular signal-regulated 
kinase 1 and 2 (ERK 1/2), p38, and c-Jun N-terminal kinase (JNK) (63-65). Our labora- 
tory and others have demonstrated that H. pylori activates p38, ERK 1/2, and JNK in gas- 
tric epithelial cells in vitro (66-68) (Eig. 3), and that activation of ERKl/2 is dependent 
on transactivation of the EGE receptor, a receptor tyrosine kinase (69). An important 
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question raised by these studies is whether H. pylori-mduced IL-8 production is dependent 
on NF-kB, MAPK, or both. 

Cell culture studies have revealed that H. py/on'-induced IL-8 expression is dependent 
on both NF-kB and MAPK activation of AP-1 (54), and such cross-talk between NF-kB 
and MAPK pathways has been demonstrated previously. For example, MEKKl, a hier- 
archical MAPK kinase, can directly activate the IkB kinase signal (59,70). However, 
inhibition of ERK 1/2 attenuates H. pyZon-induced IE-8 secretion without affecting NE- 
kB (66), raising the possibility that synergistic interactions between AP-1 and NE-kB 
occur within the IE- 8 promoter. Consistent with these data, H. pylori activation of ERK 
1/2 results in enhanced c-fos transcription (67,68), indicating that ERK 1/2 may exert 
regulatory effects on IE-8 production that are primarily dependent on AP-1 (Pig. 3). An 
additional layer of complexity is added when one considers the recent finding that max- 
imal H. pylori-induced IL-8 gene transcription requires the presence of NP-kB, AP-1, 
and ISRE elements (Pig. 3) (57). Collectively, these data indicate that the mucosal 
inflammatory reaction that develops in response to H. pylori involves multiple intracel- 
lular pathways converging on the IE- 8 promoter and that H. py /on-mediated host signal- 
ing is of central importance for understanding the inflammatory response to this 
pathogen, which if left untreated over decades, may progress to gastric cancer. 

2.2. Humoral Responses to H. pylori 

Although H. pylori colonization induces an exuberant systemic and mucosal humoral 
response directed at multiple antigens (71-76), antibody production does not result in 
eradication even though this organism is susceptible in vitro to antibody-dependent 
complement-mediated phagocytosis and killing ( 77, 78 ). The ineffective humoral response 
generated against H. pylori and its components have led some investigators to speculate 
that this may actually contribute to pathogenesis. Monoclonal antibodies directed against 
H. pylori cross-react with gastric epithelium of both mice and humans and delivery of 
these antibodies alone to mice can induce gastritis (79). In colonized human patients, 
H. pylori induces the formation of antibodies that recognize the H'^-K''' ATPase epitope 
on the luminal surface of acid-secreting parietal cells (79,80). IgM antibodies generated 
by immortalized B -cells obtained from H. py /on-colonized gastric mucosa also recog- 
nize gastric epithelium (81). These findings indicate that the humoral response to H. pylori 
may contribute to the development of distinct histologic lesions. Eor example, an autoim- 
mune reaction against parietal cells may lead to gastric atrophy with a concomitant 
reduction in gastric acidity; conversely, immunoglobulin-mediated destruction of epithe- 
lial cells may initiate or maintain mucosal inflammation and epithelial cell injury. 

2.3. Cell-Mediated Adaptive Immune Responses to H. pylori 

The ability of the gastrointestinal tract to discern pathogenic bacteria from commensals 
is regulated through T-cell-dependent responses. CDA* T-cells can be broadly divided into 
two functional subsets, type 1 (Thl) and type 2 (Th2) T-helper cells, each of which are 
defined by distinct patterns of cytokine secretion. Thl cells produce IE-2 and lEN-y and 
promote cell-mediated immune responses whereas Th2 cells secrete IE-4, IE-5, IE-6, and 
IE- 10 and induce B-cell activation and differentiation (82). The type of immune response 
to a particular microbial agent is governed by preferential expansion of one T-helper cell 
subset accompanied by a corresponding and relative down-regulation of the other (S2j. In 
general, most intracellular bacteria induce Thl responses, whereas extracellular pathogens 




Chapter 1 / Helicobacter pylori 



9 



stimulate Th2 type responses. The importance of CD4''' T-cells in H. pyZon'-induced 
inflammation is evidenced by studies using genetic models of immunodeficiency. 
Compared to wild-type mice, severe combined immunodeficiency (SCID) and T-cell defi- 
cient mice infected with Helicobacter develop less severe mucosal injury despite similar 
levels of bacterial density, whereas infected B-cell deficient mice are no different than 
wild- type littermates in the progression to gastric atrophy or metaplasia (83-85). 

Although the acquired immune response to H. pylori is composed of both Thl- and 
Th2-type cells, cytokine profiles indicate a Thl predominance, as the majority of 
H. pylori antigen-specific T-cell clones isolated from infected gastric mucosa produce 
higher levels of IFN-ythan IL-4 (86). Consistent with these observations, H. pylori stim- 
ulates the production of IL-12 in vitro, a cytokine that promotes Thl differentiation (87). 
This is somewhat counterintuitive based on the fact that H. pylori is noninvasive and that 
infection is accompanied by an exuberant humoral response, but studies now suggest that 
this Thl -biased response may actually play an important role in pathogenesis. H. pylori 
infection of IFN-y deficient mice (that fail to mount an appropriate Thl response) leads 
to decreased levels of gastric inflammation and atrophy compared to wild-type mice 
(88-90). In vivo neutralization of IFN-y in mice infected with a related Helicobacter 
species (H. fells) similarly reduces the severity of gastritis (91), whereas gastric inflam- 
mation and atrophy can be correspondingly induced by delivering infusions of IFN-y, 
even in the absence of Helicobacter (92). Certain strains of mice (C57/BL6) infected 
with H. fells that mount a polarized Thl -type response develop extensive gastric inflam- 
mation, whereas genetically distinct strains (BALB/c) that respond to infection with a 
Th2-like response develop only minimal gastritis (93). Adoptive transfer of Thl-type 
cells from Helicobacter-infected donor mice into infected recipients increases the sever- 
ity of gastritis, whereas transfer of Th2-primed lymphocytes reduces colonization den- 
sity (94). Finally, antecedent challenge with a helminth (Heligmosomoides polygyrus) 
that induces a Th2-type mucosal reaction significantly attenuates the development of 
Thl-mediated gastritis and atrophy in response to H. fells (95). These data are consistent 
with a model in which an inappropriate host T-cell response towards H. pylori facilitates 
the development of gastric inflammation and injury. 

3. ADDITIONAL EFFECTORS OF INFEAMMATION 
THAT MAY BE REEATED TO H. PTLOi^/ INDUCED 
GASTRIC CARCINOGENESIS 

In addition to stimulating the production of cytokines, H. pylori also activates pro- 
inflammatory cyclooxygenase (COX) enzymes. Cyclooxygenases catalyze key steps in 
the conversion of arachidonic acid to endoperoxide (PGH 2 ), a substrate for a variety of 
prostaglandin synthases that, in turn, catalyze the formation of prostaglandins and other 
eicosanoids (Fig. 4) (96). Prostaglandins regulate a diverse array of physiologic processes 
including immunity, maintenance of vascular tone and integrity, nerve development, and 
bone metabolism (96). Three isoforms of cyclooxygenase have been identified to date, 
each possessing similar activities, but differing in expression characteristics and inhibition 
profiles by nonsteroidal anti-inflammatory drus (NSAIDs). COX-1 was purified in 1976 
and is expressed constitutively in many cells and tissues (97,98). A second COX enzyme, 
COX-2, was later identified (99,100), and in contrast to COX-1, COX-2 expression is 
inducible in cells transformed with the oncogene v-src or treated with phorbol esters 
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Fig. 4. Prostaglandin (PG) synthesis in despendent on cyclooxygenases. PG, prostaglandin; TXA, 
thromboxane; NSAIDs, nonsteroidal antiinflammatory drugs. 



(100,101). Subsequent studies have now shown that COX-2 can be induced by a variety 
of growth factors and pro-inflammatory cytokines such as TNF-a, IFN-y, and IL-1 in a 
number of pathophysiologic conditions (98). COX-2 expression is increased in gastric 
epithelial cells co-cultured with H. pylori (102,103) and within gastric mucosa of 
H. py/on'-infected individuals (104,105). COX-2 expression is further increased within 
H. pylori-induced premalignant (atrophic gastritis and intestinal metaplasia) and malig- 
nant (adenocarcinoma) lesions (106,107) and COX-inhibitors such as aspirin and other 
NSAIDs have been shown to decrease the risk for distal gastric cancer ( 108,109). H. pylori 
also activates phospholipase A 2 , an enzyme that catalyzes the formation of the prostaglandin 
precursor arachidonic acid, in vitro and in vivo (110,111). 

The inflammatory response induced by H. pylori leads to the production of mutagenic 
substances, such as metabolites of inducible nitric oxide synthase (iNOS), which promote 
oncogenesis (105,112). iNOS-generated nitric oxide can be converted to reactive nitrogen 
species, which nitrosylate a variety of cellular targets including DNA and proteins. 
Superoxide anion radicals generated by PMNs also induce DNA damage through the for- 
mation of DNA adducts (113). Serum levels of vitamin C, a scavenger of reactive oxygen 
species and nitrates, are inversely proportional to the prevalence of gastric cancer (114). 
Eradication of H. pylori has been reported to raise gastric intraluminal ascorbic acid lev- 
els (ii 5), so the presence of H. pylori also affects gastric mucosal antioxidant defenses. 

In summary, the chronic and persistent inflammatory response induced by H. pylori 
can lower the threshold for malignancy through the production of a variety of effector 
molecules. The capacity of cytokines, COX-2 generated products, and reactive nitrogen 
and oxygen species to promote neoplasia is well-described and specific mechanisms 
used by these molecules include stimulation of proliferation and inhibition of apoptosis 
(which leads to a heightened retention of mutagenized cells), promotion of cellular adhe- 
sion, stimulation of angiogenesis, and cellular transformation. Based on the available 
data, it appears that the types and levels of mediators present (i.e., Thl cytokines vs 
prostaglandins) may differentially alter the risk for gastric carcinogenesis (2). 

4. H. PKOi?/ STRAIN VARIATION AND CARCINOGENESIS 

Colonization of humans by H. pylori is relatively common, but the development of 
cancer follows in only a fraction of infected persons. Consideration must be given to 
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Table 1 . H. pylori Virulence Determinants and Gastric Carcinogenesis 



Genetic locus 


Conservation 

between 

strains 


Function 


Genotype 
associated 
with gastric 
cancer 


cag pathogenicity 
island 


60-70% Western strains 
95-100% Eastern strains 


CagA injected into 
host epithelial cells; 
induction of pro- 
inflammatory 
cytokine release 


cagA^ 


VacA 


Always present, alleles 
vary 


Apoptosis; increase 
paracellular 
permeability; 
decreases T-cell 
function 


vacA si ml 


babA2 


-85% 


Adhesion 


babA2+ 


oipA 


Always present, promoter 
framestatus varies 


Induction of IL-8 


oipA “on” 


iceA 


Always present, alleles vary 


? 


iceAl 



Strain- specific differences that exist among H. pylori isolates, as well as the functions 
associated with such differences. H. pylori strains from different individuals are 
extremely diverse because of point mutations, gene insertions, or deletions (116-119), 
and our group has previously demonstrated that genetically unique derivatives of a single 
strain are present simultaneously within an individual human host, and that isolates can 
modify their genetic composition over time (120). Although this extraordinary diversity 
has hindered characterization of hacterial factors associated with various disease out- 
comes, five different genetic loci have been identified (cag island, vacA, babA, oipA, 
and iceA) for which persons harboring particular alleles have different risks of disease 
(Table 1). These markers are not completely independent of each other and importantly, 
are not absolutes, but instead reflect degrees of risk. 

4.1. The cag Pathogenicity Island 

The most well-characterized H. pylori virulence determinant is the cag pathogenic- 
ity island, a 31-gene locus that is present in approx 60% of US strains (116,117, 
121,122). Although all H. pylori strains induce gastritis, cag'^ strains significantly aug- 
ment the risk for severe gastritis, atrophic gastritis, and distal gastric cancer compared 
to that incurred by cag~ strains (43,74,75,123-132). Several cag genes encode products 
that bear homology to components of a type IV bacterial secretion system, which func- 
tions as a molecular syringe to export proteins, and the product of the terminal gene in 
the island (CagA) is translocated into host epithelial cells after bacterial attachment. 
Following its injection into epithelial cells by the cag secretion system, CagA undergoes 
tyrosine phosphorylation by members of the Src family of kinases, which have been 
implicated in many human malignancies (133-142). Phospho-CagA subsequently 
activates a eukaryotic phosphatase (SHP-2) as well as ERK, a member of the MAPK 
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Cell scattering 
phenotype 



Fig. 5. CagA biological activity is determined by variation in the number and sequence of tyrosine 
phosphorylation motifs (TPMs). CagA, cytotoxin-associated gene A; TPM, tyrosine phosphorylation 
motif; SHP-2, Src homology 2 domain. 



family, leading to morphological changes (e.g., cell scattering) that are reminiscent of 
unrestrained stimulation hy growth factors. It is likely no coincidence that manipulation 
of the IL-6 family coreceptor gpl30 leading to altered SHP-2 signaling similarly culmi- 
nates in the development of intestinal-type gastric adenocarcinoma in genetically engi- 
neered mice (143,144). H. pylori cag* strains also selectively induce transactivation of 
the EGF receptor via activation of HB-EGF in vitro and H. py/or/-induced EGF recep- 
tor transactivation is required for Ras-mediated activation of ERKl/2 (69). 

Recent studies have sought to define differences in the biological activity of CagA 
proteins that are present in different H. pylori strains. Higashi et al. demonstrated that 
the number of tyrosine phosphorylation motifs (TPMs) within CagA proteins isolated 
from persons residing in Western countries can vary substantially and that SHP-2 bind- 
ing affinity and induction of cell scattering are potentiated by an increasing number of 
such motifs (Fig. 5) (141). In contrast, TPMs within CagA proteins from East Asian 
H. pylori strains are unique and the sequences flanking East Asian-type TPMs perfectly 
match the consensus binding site for SHP-2 (141). As expected, binding of SHP-2 and 
cell scattering are induced more potently by CagA proteins containing East Asian-type 
TPMs compared with Western-type TPMs (Fig. 5), which may explain, in part, the strik- 
ingly different rates of gastric cancer in these regions. 

In addition to the effects of phospho-CagA on signaling pathways that alter cellular mor- 
phology, CagA phosphorylation also results in activation of C-terminal Src kinase, which 
inhibits the activity of Src, leading to a reciprocal decrease in the level of phosphorylated 
CagA (142,145). Although this negative feedback loop likely contributes to the long-term 
equilibrium between H. pylori and its host, emerging data indicate that unphosphorylated 
CagA can also exert effects within the cell that contribute to pathogenesis. For example, 
unmodified CagA binds to growth factor receptor bound 2 (Grb2), which results in activa- 
tion of the Ras/MEK/ERK MAPK pathway (146). Translocation, but not phosphorylation, 
of CagA leads to disruption of apical-junctional complexes in polarized epithelial cells and 
a loss of cellular polarity, alterations that also play a role in carcinogenesis (147). 

A CagA-independent consequence of cag-mediated epithelial contact is secretion of 
IE-8. Clinical observations that the cag island represented a disease-associated locus led 
to subsequent molecular investigations and, not surprisingly, the first H. pylori strain- 
specific constituent identified as being required for IE- 8 production was a component of 
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the cag island, cagE (148). Inactivation of cagE not only attenuates IL-8 expression but 
also decreases activation of NF-kB and MAPK in vitro. Numerous cag island genes 
(cagG, cagH, cagi, cagE, and cagM) have now been demonstrated to be required for 
NF-kB and MAPK-mediated IL-8 production (66-68,149-151 ), and clinical cag'^ strains 
are more potent in stimulating IL-8 production than cag~ strains (51-53). Consistent with 
these findings, H. pylori cag'^ strains induce an enhanced IL-8 and inflammatory 
response in human tissue (43,44), and inactivation of cagE and/or the entire cag locus 
attenuates the development of gastritis and atrophy in a rodent model of H. pylori- 
induced gastric adenocarcinoma, Mongolian gerbils (152,153). Collectively, these data 
indicate that cag'^ strains are disproportionately represented among hosts who develop 
serious sequelae of H. pylori infection, including gastric cancer, and that genes 
within the cag island are necessary for induction of pathogenic epithelial responses, 
which may heighten the risk for transformation, particularly over prolonged periods 
of colonization. 



4.2. H. pylori vacA and Carcinogenesis 

The aforementioned studies have contributed to the genesis of a molecular portrait 
through which CagA and the cag island commandeer host signaling pathways that reg- 
ulate cellular responses and cytokine production. However, most persons colonized by 
cag'^' strains remain completely asymptomatic. This paradox has fostered the need for 
studies to identify other microbial factors that may influence disease. 

An independent H. pylori locus linked with pathologic outcomes such as ulcer dis- 
ease and gastric cancer is vacA, which encodes a secreted bacterial toxin (VacA) 
(154-159). When added to epithelial cells in vitro, VacA induces multiple structural and 
functional alterations in cells, the most prominent of which is the formation of large 
intracellular vacuoles ( 160). There is a strong correlation between vacuolating cytotoxin 
activity and the presence of cagA. However, vacA and cagA map to two distinct loci on 
the H. pylori chromosome, and mutation of cagA does not affect toxin production, indi- 
cating that expression of the two proteins is independent (161). 

Unlike the cag island, vacA is present in virtually all H. pylori strains examined 
(Table 1) (155,162)\ however, strains vary considerably in cytotoxic activity, and this 
variation is primarily owing to variations in vacA gene structure. The regions of great- 
est diversity are localized near the 5' end of vacA (allele types si a, sib, sic, or s2) and 
in the midregion of vacA (allele types ml or m2) (162-164). Most type si VacA toxins 
possess detectable cytotoxic activity in vitro, whereas type s2 VacA proteins possess lit- 
tle if any cytotoxic activity (162). This is attributable to the presence of a 12-amino-acid 
hydrophilic segment at the N-terminus of type s2 toxins, which abolishes cytotoxic 
activity (165,166). The mid-region of VacA contains a cell-binding site; ml-type toxins 
exhibit higher binding affinities than do m2-type toxins. 

In addition to vacuolation, inoculation of mice with either purified VacA or VacA- 
containing filtrates leads to epithelial injury, and in vitro, VacA induces gastric epithe- 
lial cell apoptosis (167-171). VacA also functions as transmembrane pore, 
permeabilizing host epithelial cells to urea, which, in turn, may allow H. pylori to 
manipulate the pH of its environment by generating ammonia. When added to polarized 
epithelial cell monolayers, acid-activated VacA increases paracellular permeability to 
organic molecules, iron, and nickel. VacA has also recently been shown to actively sup- 
press T-cell proliferation and activation in vitro (31-33), which may contribute to the 
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longevity of H. pylori colonization. Collectively, these data indicate that VacA can 
induce multiple physiologic consequences that may contribute to pathogenesis. 

H. pylori strains that possess a type sl/ml vacA allele are associated with an increased 
risk of gastric cancer (172-175) and enhanced gastric epithelial cell injury (176,177) 
compared to vacA s2/m2 strains. The relationship between sl/ml alleles and gastric can- 
cer is consistent with the distribution of vacA genotypes throughout the world. In regions 
where the prevalence rate of distal gastric cancer is high, such as Colombia and Japan, 
most H. pylori strains contain type sl/ml alleles (164), whereas the converse is true in 
regions of the world with low rates of noncardia adenocarcinoma, underscoring the 
importance of vacA as a bacterial locus related to high-grade host responses within the 
gastric niche. 



4.3. H. pylori Bab A 

Sequence analysis of the genomes from the completely sequenced H. pylori proto- 
type strains 26695 and J99 has revealed that an unusually high proportion (1%) of iden- 
tified open reading frames are predicted to encode outer membrane proteins (OMPs) 
(116,117). Consequently, recent attention has been directed toward a possible role of 
these OMPs in H. pylori pathogenesis (116,117,178,179). BabA, a member of a family 
of highly conserved outer membrane proteins, and encoded by the strain-specific gene 
babAl, binds the Lewis*’ histo-blood-group antigen on gastric epithelial cells (172,180). 
H. pylori strains possessing babA2 are associated with increased risk for gastric adeno- 
carcinoma (172). The presence of babA2 is associated with cagA and vacA si and 
strains that possess all three of these genes incur the highest risk for gastric cancer 
(172). Recently, another H. pylori adhesin, SabA, has been shown to bind the sialyl- 
Lewis a antigen, an established tumor antigen and marker of gastric dysplasia that is up- 
regulated by chronic gastric inflammation / 181 ), further emphasizing the pivotal role of 
H. pylori adherence in the induction of gastric inflammation and injury. 

4.4. H. pylori oipA, Mucosal Inflammation, and Gastric Carcinogenesis 

Another H. pylori outer membrane protein that may influence disease development is 
a 34-kD proinflammatory protein encoded by oipA (182). Yamaoka et al. were the first 
to demonstrate that the vast majority of cag'^ strains isolated from patients in East Asia 
have an in-frame copy of oipA and when cocultured with gastric epithelial cells in vitro, 
these strains were found to induce high levels of IL-8. Inactivation of oipA decreased IL-8 
levels by approx 40%, whereas inactivation of both oipA and cagE in the same strain 
completely abolished IL-8 production (182). A recent analysis of IL-8 promoter activa- 
tion in gastric epithelial cells revealed that maximal H. py/on'-induced IL-8 transcription 
requires the presence of NL-kB, AP-1, and the ISRE-like binding sites, and that oipA 
selectively induced STATl phosphorylation, which functions as an upstream mediator of 
ISRE activation (Lig. 3) (57). 

H. pylori strains that contain an in-frame or functional copy of oipA are linked with more 
severe gastric inflammation, higher bacterial colonization density, and enhanced mucosal 
levels of IL-8 (183). In a mouse model of H. py/on'-induced gastritis, infection with an iso- 
genic oipA mutant led to a significant decrease in the severity of gastritis as well as a reduc- 
tion in chemokine production compared to levels induced by the parental wild-type 
H. pylori strain ( 184 ), indicating a potential role of OipA in H. pylori pathogenesis. 
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4.5. H. pylori iceA and Disease 

An independent strain-specific H. pylori locus associated with disease is iceA, a gene 
whose transcription is up-regulated following adherence to gastric epithelial cells (185). 
Although iceA exists in two major allelic sequence variants, iceAl and iceA2, only 
iceAl is induced following contact with epithelial cells. The deduced H. pylori iceAl 
product demonstrates strong homology to a restriction endonuclease, Malll in 
Neisseria lactamica (186) however, mutations including insertions and deletions found 
in the majority of iceAl sequences preclude translation of a full-length homolog. In con- 
trast, iceA2 has no homology to known proteins. 

H. pylori iceAl strains are significantly associated with the presence of peptic ulcer- 
ation and distal gastric adenocarcinoma in certain populations (185,187,188), and lev- 
els of iceAl expression within colonized human gastric mucosa are directly related to 
the severity of acute inflammation and IL-8 expression (Table 1) (189). iceAl is associ- 
ated with the presence of cagA and the vacA si allele, hut is only found in 25% of US 
H. pylori isolates, which approximates the percentage of infected persons who progress 
to peptic ulceration or gastric cancer (185). The association of iceAl with increased tis- 
sue damage and disease, its allelic distribution in a minority of clinical strains, its link- 
age disequilibrium with cagA and vacA si alleles, and its induction by physiologic 
events that induce pathologic responses (adherence), collectively suggest that iceAl 
may be a marker for strains that induce more severe gastric inflammation and injury. 

5. HUMAN GENETIC POEYMORPHISMS THAT INFEUENCE 
THE PROPENSITY TOWARDS GASTRIC CANCER DEVEEOPMENT 

Although H. pylori strain-specific constituents clearly influence disease outcome, 
these factors are not absolute determinants of virulence. Most persons colonized with 
disease-associated H. pylori strains remain asymptomatic and H. pylori cag'^ toxigenic 
strains are related to both duodenal ulcer disease and distal gastric cancer, two mutually 
exclusive disease outcomes (190). The inability of bacterial virulence components to 
completely account for pathologic outcomes has highlighted the need to explore host 
factors that may influence diseases, particularly gastric cancer. 

The critical components that regulate the H. py/on'-induced cascade to carcinogenesis 
are (1) the presence of the bacterium, (2) the concomitant inflammatory response, and 
(3) a reduction in acid secretion, because inflammation that involves the acid-secreting 
gastric corpus increases the risk of developing gastric adenocarcinoma by inducing 
hypochlorhydria and atrophic gastritis (191). A. host effector molecule that interacts with 
all three of these parameters, therefore, would represent an ideal candidate to investigate. 
The Thl cytokine IL-1[3, a pleiotropic pro-inflammatory molecule that is increased 
within the gastric mucosa of H. pylori'^ persons, robustly satisfies these criteria (Fig. 6) 
(192). IL-1(3 both amplifies the host inflammatory response and potently inhibits gastric 
acid secretion by parietal cells (193). Further, the 7L-i(3 gene cluster, consisting of 7L-i[3 
and IL-IRN (encoding the naturally occurring IL-1[3 receptor antagonist), contains a 
number of functionally relevant polymorphisms that are associated with either increased 
or decreased IL-1[3 production and this has facilitated case-control studies to be per- 
formed that relate host genotypes and disease. The seminal report in this series was pub- 
lished by El-Omar and colleagues who demonstrated that 77. py/on'-colonized persons 
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Fig. 6. Immune response genes and H. py/on'-induced carcinogenesis. IL, interleukin; TNF, tumor 
necrosis factor. 



with “high-expression” /L-i[3 promoter region polymorphisms have a significantly 
increased risk for hypochlorhydria, gastric atrophy, and distal gastric adenocarcinoma 
than persons with genotypes that limit 7L-i(3 expression { 194 ). An increase in disease risk 
was only present among H. py/or/-colonized persons and not uninfected individuals, 
emphasizing the importance of host-environment interactions and inflammation in the 
progression to gastric cancer, and these results have now been replicated hy investigators 
in geographically distinct regions of the world (195,196). The associations between 
genotypes and disease also mirror alterations in mucosal IL-1[3 production induced by H. 
pylori as gastric tissue levels of this cytokine are significantly higher in colonized 
patients possessing high- vs low-expression 7L-i[3 polymorphisms, and increased IL-1(3 
levels are significantly related to the intensity of gastric inflammation and atrophy (197). 

Rodent models also support this paradigm; in 77. py/on'-infected Mongolian gerbils 
and hypergastrinemic INS-GAS mice, gastric mucosal IL-1[3 levels increase 6-12 
weeks postchallenge, and for gerbils, this is accompanied by a reciprocal decrease in 
gastric acid output (198,199). That administration of recombinant IL-1 receptor antag- 
onist to 77. pyZon-infected gerbils normalizes acid outputs (198), implicates IL-1 [3 as a 
pivotal modulator of acid secretion within inflamed mucosa. Because IL-1 (3 is the most 
powerful known inhibitor of acid secretion, is profoundly pro-inflammatory, is induced 
by 77. pylori, and is regulated by a promoter with informative polymorphisms, this mol- 
ecule is likely to be of substantial importance in regulating the development of gastric 
cancer (Fig. 6). 

Although IL-1 [3 appears to be the ideal host candidate, other molecules are legitimate 
targets. For example, TNF-a is a pro-inflammatory acid-suppressive cytokine that is 
increased within 77. py/or/-colonized mucosa (Fig. 6) (40). TNF-a polymorphisms that 
increase TNF-a expression have now been associated with an increased risk of gastric 
cancer and its precursors (200). Smith and colleagues recently reported that polymor- 
phisms within the IL-8 promoter that increase lL-8 expression also augment the risk for 
atrophic gastritis among 77. py/on'-infected subjects (201). Conversely, polymorphisms 
that reduce the production of anti-inflammatory cytokines may similarly increase the risk 
for gastric cancer and indeed El-Omar et al. demonstrated that “low-expression” poly- 
morphisms within the locus controlling expression of the anti-inflammatory cytokine 
IL-10 are associated with an enhanced risk for distal gastric cancer (200j. This group also 
examined the combinatorial effect of polymorphisms within immune response genes on 
cancer risk and found that the relative risk for noncardia gastric cancer increased progres- 
sively with an increasing number of pro-inflammatory polymorphisms to the point that 
three polymorphisms increased the risk of cancer 27-fold over baseline (200). 
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6 . MICROBIAL AND HOST INFLAMMATORY GENOTYPES 
AND GASTRIC CANCER RISK 

An important question raised by these studies focused on immune response gene 
polymorphisms is whether H. pylori strain characteristics can further augment cancer 
risk exerted by host genotypes. To directly address this, Figueiredo et al. stratified 
H. py/on'-infected subjects on the basis of both high-expression 7L-i[3 polymorphisms 
and virulence genotype of their infecting H. pylori strains (202). Odds ratios for distal 
gastric cancer were greatest in those persons with high-risk host and bacterial geno- 
types, and in persons with high-expression /L-i[3 alleles that were colonized by H. 
pylori vacA sTtype strains, the relative risk for gastric cancer was 87-fold over baseline 
(202), indicating that interactions between specific host and microbial characteristics 
are biologically significant for the development of gastric cancer. 

On the basis of these case-control studies in human populations, it is apparent that 
H. pylori are able to send and receive signals from their hosts, allowing host and bacte- 
ria to become linked in a dynamic equilibrium (2,203). The equilibrium is dilferent for 
each colonized individual, as determined by both host and bacterial characteristics and 
may explain why certain H. pylori strains augment the risk for carcinogenesis. For exam- 
ple, H. pylori cag* strains induce an intense inflammatory response that involves produc- 
tion of IL-8. This leads to increased production of IL-8, IL-1[3, and TNF-a that can not 
only amplify the mucosal inflammatory response, but may also inhibit acid production, 
especially in hosts with polymorphisms that permit high expression levels of these mole- 
cules. H. pylori has also been shown recently to increase gastric mucosal levels of 
macrophage migratory inhibitory factor (MIF), a cytokine that may link inflammation to 
carcinogenesis (204). Although the host genotype remains stable over time, H. pylori cag'^ 
and cag~ strains can coexist and recombine within the same host, and thus the percentage 
of cag'^ strains is likely to vary over time, which will affect the amplitude of this equilib- 
rium. An augmented inflammatory response induced by cag^ strains in the gastric body 
leading to decreased acid production can also permit overgrowth of pH-sensitive bacteria, 
conversion of ingested A-nitrosamines to nitrites, and an increased risk for gastric cancer. 



7. CONCEUSIONS 

Gastric cancer is a highly lethal disease when diagnosed in the United States and 
establishment of H. pylori as a risk factor for this malignancy permits an approach to 
identify persons at increased risk; however, infection with this organism is extremely 
common and most colonized persons never develop cancer. Thus, techniques to identify 
high-risk subpopulations must use other biological markers. It is apparent from recent 
studies that cancer risk is the summation of the polymorphic nature of the bacterial pop- 
ulation in the host, the host genotype, and environmental exposures, each affecting the 
level of long-term interactions between H. pylori and humans. Analytical tools now 
exist, however, including genome sequences (H. pylori and human), measurable pheno- 
types (CagA phosphorylation), and practical animal models, to discern the fundamental 
biological basis of H. py/on'-associated neoplasia, which should have direct clinical 
applications. For example, identification of persons with polymorphisms associated 
with high levels of IL-1[3 expression, and who are colonized by cag'^ vac A sTtype 
strains may be most likely to derive benefit from H. pylori eradication as such treatment 
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could result in a substantially reduced cancer risk. It is important to gain more insight 
into the pathogenesis of H. py/on'-induced gastric adenocarcinoma, not only to develop 
more effective treatments for this common cancer, but also because this model might 
serve as a paradigm for the role of chronic inflammation in the genesis of other malig- 
nancies that arise within the gastrointestinal tract. 
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1. INTRODUCTION 

Human T-cell lymphotropic vims type 1 (HTLV-1), is the causative agent of adult 
T-cell leukemia/lymphoma (ATLL) and a variety of immune-mediated disorders 
(Table 1). Currently, HTLV-1 infection occurs worldwide with endemic regions of higher 
prevalence. Natural transmission of these viruses occurs through cell-associated routes 
that include: orally from breast feeding, sexual contact, and by exposure to infected 
blood or whole cell blood products. While the molecular events of virus replication are 
beginning to be unraveled and knowledge about HTLV-1 -associated diseases has 
increased, there remain many questions regarding the pathogenesis of the diseases asso- 
ciated with this complex retrovirus. In this chapter, we will focus on the pathogenesis and 
clinical presentation of ATLL with emphasis on new information regarding the viral 
etiology, pathologic lesions, patient susceptibility factors, host immune responses, and, 
in particular, the role of cytokines in the development of ATLL. The epidemiology and 
diseases associated with HTLV-1 are well known; however, the molecular mechanisms 
used by the virus to establish persistent infection and subsequently facilitate lymphocyte 
proliferation while circumventing immune elimination, remain less well defined. 
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Table 1 

HTLV-1 Associated Diseases 

Strongly associated diseases 

Adult T-cell leukemia/ Aggressive T-cell malignancy — monoclonal 

lymphoma (ATLL) expansion of CD3+/CD4+/CD8-/CD25+/HLA- 

DR+ T-cells (5). One to 5% of early HTLV-1 
infected individuals, develop ATLL after a 
prolonged incubation period ~ 20-30 years 
(30,32). Clinically, patients present with malaise, 
fever, lymphadenopathy, hepatosplenomegaly, 
jaundice, drowsiness, weight loss, and 
opportunistic infections. Cutaneous nodules, lytic 
bone lesions, and hypercalcemia common. 
Diagnosis of ATLL includes proviral DNA in 
ATLL cells, positive serologic status for HTLV-1, 
marked leukocytosis, “flower cell” morphology of 
neoplastic T-cells, hypercalcemia, increased 
circulating levels of the IL-2 receptor a-chain 
(IL-2Ra/CD25), and elevated serum lactate 
dehydrogenase (LDL) levels (30,31,34). Classified 
as: asymptomatic, preleukemic, chronic or 
smoldering and acute (34-36). 

HTLV-1 -associated myelopathy/ Slowly progressive lymphocyte-mediated 

tropical spastic paraparesis myelopathy of pyramidal tracts (17). Extremity 

(HAM/TSP) weakness, back pain, incontinence, associated 

spasticity. Develops in ~l-5 % of HTLV-1 
infected persons after moderate to prolonged 
latency. Long-term survival (months to years). 



Associated diseases 

Reported diseases primarily in Polymyositis, polyarthritis, alveolitis, uveitis, 

HTLV-1 endemic regions in Japan dermatitits (51 ). 
and Caribbean basin; role of HTLV-1 
infection unclear, may initiate lesions 
through lymphocyte-mediated disorder, 
cytokine dysregulation, or alteration 
of immune reactivity 



The genome of HTLV-1 encodes structural (e.g., group specific core antigens. Gag) and 
enzymatic proteins (e.g., reverse transcriptase, RT), characteristic of all retroviruses. 
Additionally, HTLV-1, a complex retrovirus, utilizes an alternative splicing mechanism and 
internal initiator codons, to make several regulatory and accessory proteins encoded hy four 
open reading frames (ORFs) of the pX region (pX ORF 1 to IV) (Table 2). ORF IV of 
HTLV-1 encodes the well-characterized Tax transactivating protein, while the ORF 111 
encodes Rex, a key regulator of viral RNA transport. Tax is a 40 kDa nuclear-localizing 
phosphoprotein, which interacts with cellular transcription factors to activate transcription 
from the viral promoter (Tax responsive element, TRE), as well as the enhancer elements 
of various cellular genes associated with host cell proliferation or transformation. Rex is a 
27 kDa, nucleolar-localizing phosphoprotein that functions to enhance nuclear export of 
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Table 2 

Summary of HTLV-1 Regulatory and Accessory Proteins: 

Role in Pathogenesis and Alteration of Cytokines 

Protein* PX ORF Subcellular distribution Functional activity 



Tax IV Nuclear and cytoplasm 



Rex 


III 


Nuclear and nucleolar 
with shuttling 


pl2i 


I 


Endoplasmic reticulum 
and cis-Golgi 


pi 3“ 


II 


Mitochondria and nucleus 


p30“ 


II 


Nuclear 



Transcriptional activator of px region, 

40 kDa nuclear protein produced from a 
doubly spliced mRNA, transactivator of 
HTLV-1 gene transcription from the viral 
LTR (75,76). Binds to GC-rich 
sequences flanking the Tax responsive 
element 1 (TRE-1) and enhances 
CREB/ATF proteins to the TRE-1. Alters 
the expression of cellular genes by 
induction of NE-kB and SRF. Enhances 
cytokines including IL-2 (80), IL-3 (81), 
IL-4 (82), IL-6 (83), IL-8 (84), IL-2Ra 
(80), IL-1 (85), GM-CSF (86), TNFa 
(87), and TNF(3 (88), transcription 
factors such as c-myc (89), c-fos (90), 
c-sis (91), erg-1 (92), c-rel (93), Ick, (94) 
apoptosis related genes Bcl-Xj^ and Bax 
(95-97) and DNA repair genes, 
proliferating cell nuclear antigen 
(PCNA) and (3-polymerase (98). 

Rex, a nucleolar localizing 27 kD protein, 
responsible for nuclear export of 
unspliced (gag/pol) and singly spliced 
(env) viral RNA to cytoplasm. Not 
required for in vitro immortalization, but 
critical for infection in vivo (99). 

Calcium-mediated NEAT activation and 
decreases IL-2 requirement for T-cell 
activation. Abolished infectivity in rabbit 
model, reduced infectivity in nondividing 
primary human T-cells (246). 

Mitochondrial swelling and disruption of 
AT, sensitizes cells to apoptosis (222,247). 

Reduced viral load in rabbit model, 
transcriptional regulator, binds 
p300/CBP, post-transcriptional regula- 
tion of tax/rex RNA (214,246,248,249). 



Tax and Rex are considered regulatory, pl2’, pl3^’, and p30^’ are considered accessory proteins. 



unspliced or singly spliced viral RNA thus contributing to virus propagation. HTLV-1 
infected cells, ATLL cells, and Tax transgenic mouse tumor cells express a wide range of 
cytokines that have been implicated in the development of ATLL. Constitutive expression 
of interleukin-2 (IL-2) or IL-1 5, and their receptor contributes to lymphoid cell prolifera- 
tion and resistance to apoptosis. Production of a variety of chemokines and their receptors 
are likely to be important for tumor cell infiltration into skin, lymph nodes, and other 
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tissues. Transforming growth factor beta (TGF-[3) is expressed in ATLL cells, and may pro- 
mote tumor cell growth in addition to altering the tumor stroma to enhance outgrowth or 
tissue invasion by transformed lymphocytes. Detailed analysis of cytokine expression in 
this disease has led to immunotherapeutic approaches directed against the IL-2 receptor, 
and opportunities for development of other novel approaches to altering cytokines activity. 
In addition, newly discovered roles for accessory gene products of the virus suggest new 
ways the virus exploits T-cells through disruption of cytokine-mediated events. 

2. GEOGRAPHIC DISTRIBUTION AND TRANSMISSION OF HTLV-1 

HTLV-1 was the first human retrovirus identified and subsequently associated with 
disease ( 1 - 3 ). Interestingly, HTLV-1 associated lymphoma was reported in 1977, before 
the isolation of the virus, as a unique and aggressive CD4''' T-cell malignancy in Japan 
classified as ATLL ( 4 , 5 ). In 1980, Drs. Poisez, Gallo and their colleagues detected type C 
retrovirus particles, later named HTLV-1, in T-cell lymphoblastoid cell lines and fresh 
peripheral blood lymphocytes from a patient with cutaneous T-cell lymphoma (classi- 
fied originally as mycosis fungoides) ( 6 ). Similar type C retroviral particles were 
demonstrated in cell lines derived from Japanese patients diagnosed with ATLL ( 7 - 9 ). 
Subsequently additional sero-epidemiologic, immunologic, genetic, and molecular 
studies established the association between ATLL and HTLV-1 infection ( 1 - 3 ). 

HTLV-1 infects approximately 15 to 25 million people worldwide ( 10 ). The virus is 
endemic in southern Japan ( 1 ), the Caribbean basin ( 11 ), central Africa ( 12 ), Central and 
South America ( 13 , 14 ), and among some Melanesian Islands in the Pacific basin ( 15 ). 
The seroprevalence of HTLV-1 varies between 0.1 and 30% of the population within 
endemic regions ( 10 ). The serious risk of HTLV-1 infection among susceptible groups in 
the United States, Japan, and Europe has led to public health intervention policies such 
as blood donor screening to prevent HTLV-1 contaminated blood from entering the blood 
supply ( 16 - 22 ). 

HTLV-1 is a highly cell-associated virus and cell-cell contact between virus infected 
cells and target T-cells is required for efficient transmission ( 23 ). The principal route of 
HTLV-1 transmission in endemic areas is from mother to child through breastfeeding by 
transfer of infected milk-borne lymphocytes ( 24 , 25 ). HTLV-1 transmission also occurs by 
exposure to infected blood or whole-cell blood products and through the sharing of 
needles among intravenous drug users ( 26 - 28 ). Sexual transmission although less effi- 
cient is an important mode of transmission, in particularly between infected men and their 
sexual partners where transmission of the virus is approx four times as frequent ( 29 ). 

3. ADULT T-GELL LEUKEMIA/LYMPHOMA 

ATLL is an aggressive T-cell malignancy characterized by monoclonal expansion of 
CD3-t-/CD4-t-/CD8-/CD25-h/HLA-DR-H T-cells ( 5 ). HTLV-1 proviral DNA is consis- 
tently demonstrated in ATLL cells and virtually all ATLL patients have antibodies against 
HTLV-1 ( 30 , 31 ). In general, 1-5 % of the HTLV-1 infected individuals, who acquire the 
virus before the age of 20 develop ATLL after a prolonged incubation period of around 
20-30 years ( 30 , 32 ). 

The clinical picture of ATLL is similar to non-Hodgkin’s lymphoma. Affected 
patients present with malaise, fever, lymphadenopathy, hepatosplenomegaly, jaundice, 
drowsiness, weight loss, and opportunistic infections. These patients also exhibit a wide 
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spectrum of cutaneous lesions (from large nodules to plaques and ulcers on the limbs, 
trunk, or face) and lytic bone lesions. Opportunistic fungal infections such as 
Pneumocystis carinii have been reported in some patients ( 33 ). ATLL patients are usually 
hypercalcemic, with high semm concentrations of lactate dehydrogenase and elevated 
serum levels of soluble IL-2 receptor a chain (IL-2R/CD25). Neoplastic T-lymphocytes 
in ATLL patients have a characteristic convoluted multi-lobulated nuclei, which gives the 
appearance of “flower cells” (34). Diagnosis of ATLL includes specific parameters 
including positive serologic status for HTLV-1, marked leukocytosis, “flower cell” mor- 
phology of neoplastic T-cells, T-cell immunophenotyping, hypercalcemia, increased cir- 
culating levels of IL-2Ra/CD25, and elevated serum lactate dehydrogenase (LDL) 
levels (34). ATLL is classified into four somewhat overlapping types based on the clin- 
ical course of the disease namely asymptomatic, preleukemic, chronic or smoldering, 
and acute (34-36). The chronic stage ATLL is characterized by leukocytosis, whereas 
the acute stage is characterized by the presence of flower cells, skin lesions, lym- 
phadenopathy, and hepatosplenomegaly (30). 

The molecular mechanisms leading to ATLL have not been completely elucidated; 
however recent studies provide evidence of viral and host interactions that predict events 
leading to transformation. Like other retrovimses, HTLV-1 infects target cells by interac- 
tions between the viral envelope and cell surface receptors. Subsequent to uncoating and 
reverse transcription, the HTLV-1 provirus integrates randomly into the host cell chromo- 
some (37). Viral genome “replication” can occur in vivo indirectly through division of 
infected cells (37), although it is well established that HTLV-1 is capable of typical repli- 
cation via reverse transcription and production of new infectious viral particles. In ATLL, 
there is an initial polyclonal expansion of infected cells, followed by a progression to 
oligoclonal and then to monoclonal proliferation in vivo, which is achieved while the cells 
become IL-2 independent (3,38,39). The long clinical latency and the small proportion of 
infected individuals developing ATLL strongly suggests a series of cellular alterations or 
mutations must occur before T-cell transformation (40). HTLV-1 proteins such as Tax are 
believed to play a critical role in transformation of infected lymphocytes by altering crit- 
ical cellular activation and death pathways. However, the presence of latent or defective 
proviruses in transformed cells indicates the possibility that viral protein expression is no 
longer needed for the maintenance of the transformed cell (41,42). 

4. OTHER DISEASES ASSOCIATED WITH HTEV-1 -INFECTION 

Gessain and colleagues first reported the association of tropical spastic paraparesis 
(TSP) with HTLV-1 infection in 1985 (43). Another neurologic condition observed among 
HTLV-1 -infected individuals, termed HTLV-1 associated myelopathy (HAM), having 
similar clinical findings as TSP patients was reported by Osame et al (44). Subsequently, 
in 1988, the World Health Organization (WHO) declared HAM and TSP as the same 
disease, now known collectively as HAM/TSP. HAM/TSP is a progressive chronic 
myelopathy, predominantly of the thoracic spinal cord (17,45^8). The development and 
progression to HAM/TSP is influenced by multiple risk factors including host genetic fac- 
tors (49), host immune response, high HTLV-1 proviral load (50-54), route of infection 
(exposure via blood transfusion) (55), and perhaps, by specific viral characteristics such 
as variations in the tax gene (51,56-60). Although the pathogenesis of HAM/TSP is 
not completely resolved, immune- and cytokine-mediated damage is a widely accepted 
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hypothesis supported hy increased cellular and humoral immune responses observed in 
HAM/TSP patients. In addition to ATLL and HAM/TSP, HTLV-1 infection has been asso- 
ciated with many other disorders believed to be caused by immune-system dysfunction. 
These include uveitis (61), HTLV-1 -associated arthropathy (62), Sjogren syndrome (63), 
infective dermatitis (64), polymyositis (65), lymphadenitis (66), chronic respiratory disease 
(67), acute myeloid leukemia (68), and conditions such as systemic sarcoidosis as well as 
increased susceptibility to Strongyloides stercoralis infection (69). However, the direct 
role of HTLV-1 in the development of these conditions remains controversial. 

5. HTLV-1 REPLICATION AND MECHANISMS 
OF CARCINOGENESIS 

HTLV- 1 is a complex retrovirus with type C retroviral morphology. The virus belongs 
to the deltaretrovirus group along with bovine leukemia virus (BLV) and Simian T lym- 
photropic virus (STLV). The HTLV-1 replication cycle starts when viral particles attach 
to the cell surface through an interaction between envelope and HTLV-1 receptors. Manel 
et a\ (70) have identified GLUT-1, a ubiquitous glucose transport protein, as a potential 
receptor for HTLV-1. When the viral envelope fuses with the cell membrane, components 
of the virion such as nucleocapsid and capsid enters the cytoplasm. In the cytoplasm, the 
viral genomic RNA is reverse transcribed to generate double-stranded DNA (dsDNA) 
using the virally encoded reverse transcriptase (RNA-dependent/ DNA-dependent poly- 
merase). Viral dsDNA molecules together with cellular and viral proteins form a pre- 
integration complex (71), which traffics to the nucleus and randomly integrates into the 
host genome using the viral encoded integrase. These processes are accomplished by the 
structural and enzymatic proteins packaged in the virions without de novo viral gene 
expression (72). 

Unlike simple retroviruses, complex retroviruses like HTLV-1 carry additional genes 
to encode for several regulatory and accessory proteins. As a complex retrovims, HTLV-1 
encodes regulatory proteins from the pX region (between env and 3' LTR), by alternative 
splicing from four ORFs. ORF IV and ORF III encode regulatory proteins Tax and Rex, 
respectively (73,74). Tax, (transcriptional activator of px region), a 40-kDa nuclear pro- 
tein produced from a doubly spliced mRNA, is transactivator of HTLV-1 gene transcrip- 
tion from the viral LTR (75,76). Tax binds to GC-rich sequences flanking the Tax 
responsive element 1 (TRE-1) for the transactivation of the LTR (77,78). Tax enhances 
the binding of cyclic AMP response/activator of transcription (CREB/ATF) proteins to the 
TRE-1 and several basic leucine zipper (bZIP) proteins to the TRE-2 (79). In addition. 
Tax regulates the expression of numerous cellular genes, predominantly by induction of 
the transcription factors nuclear factor kappa of B-cells (NE-kB) and serum response 
factor (SRE), independent of CREB activation. These cellular genes include cytokines 
such as IE-2 (80), IL-3 (81), IE-4 (82), IE-6 (83), IE-8 (84), IE-1 (85), GM-CSE (86), 
TNEa (87), and TNE(3 (88), IE-2Ra (80), and transcription factors such as c-myc (89), 
c-fos (90), c-sis (91), erg-1 (92), c-rel (93), Ick, (94) apoptosis related genes Bcl-Xj^ and 
Bax (95-97) and DNA repair genes proliferating cell nuclear antigen (PCNA) and (3- 
polymerase (98). Rex, a nucleolar localizing 27 kDa protein, is responsible for nuclear 
export of unspliced (gag/pol) and singly spliced (env) viral RNA to cytoplasm. Even 
though Rex is not required for in vitro immortalization by HTLV-1, Ye et al (99) reported 
that Rex is critical for efficient infection of cells and persistence in vivo. 
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6. ANIMAL MODELS TO UNDERSTAND THE ROLE 
OF CYTOKINES IN HTLV-1 PATHOGENESIS 

Since the initial discovery of the virus, a variety of animal models of HTLV-1 infec- 
tion have been reported. However, the virus consistently infects only rahhits (100,101), 
some nonhuman primates (102,103), and to a lesser extent rats (104,105). Viral trans- 
mission in mice using typical methods of infection produces inconsistent infections and 
limited virus expression in tissues (50,106,107). Nonhuman primates have been infected 
with HTLV-1 and certain species have a natural infection with STLV-1 (108-111). The 
squirrel monkey has been successfully infected with HTLV-1 and offers an attraction 
nonhuman primate model of HTLV-1 for vaccine testing (112-114). Rats have been 
infected with HTLV- 1 producing cells and offer a model of the neurologic disease asso- 
ciated with the viral infection (115-118). Rats have also been used to test the role of 
cell-mediated immunity to the infection (116,119). However, controversy exists 
regarding the reproducibility of the viral infection in rats (105). Among these in vivo 
models the rabbit has been used the most extensively because of the ease and consis- 
tency of transmission of the infection to this species. Pioneering studies utilizing the 
rabbit model of HTLV- 1 infection have provided important clues about transmission of 
the virus infection, body fluids likely to contain infectious virus, and effective means 
to prevent the transmission of the virus (100,120,121). 

The Hu-PBL-SCID mouse, developed by injection of primary human lymphocytes 
into the peritoneal cavity of mice homozygous for the SCID genetic defect (122), pro- 
vides a successful model of ATLL (123-126). SCID mice inoculated with ATLL cells 
succumbed to lymphomas that retained characteristics of the leukemic cells from 
patients. There are substantial differences in ability to form tumors between patient 
derived ATLL cells and cells immortalized by HTLV in vitro, when inoculated into 
SCID mouse ( 124), which is due, in part, to host natural killer cell activity in tumor for- 
mation (123,127). 

Transgenic mouse models of HTLV-1 have provided new understanding of the role of 
Tax in the pathogenesis of HTLV-1 -associated lesions. Nerenberg et al (128) described 
neurofibromas associated with peripheral nerves in LTR-tax transgenic mice. Kitaj ima 
and Nerenberg ( 129) used antisense inhibition of NF-kB to demonstrate the importance 
of this transcription factor in the development of the tumors. Subsequently, this same 
group using the mouse Thy 1.2 promoter developed Tax transgenic mice that developed 
fibrosarcomas (130). Iwakura et al. (131) generated LTR-Tax transgenic mice that have 
inflammatory arthropathy resembling the lesion associated with HTLV-1 -infected sub- 
jects. Increased levels of nerve growth factor, GM-CSF, and IL-2Ra expression occur 
in some Tax transgenic mice (132). To improve Tax expression in lymphoid compart- 
ments alternative promoters have been employed. HTLV-LTR-c-myc and immunoglob- 
ulin enhancer/promoter (Ig-enh)-Tax transgenic mice lines have been crossed resulting 
in the development of a variety of tumors in 100% of the offspring (133). Our research 
group developed transgenic mice that specifically target the mature T-cell compartment 
by using the human granzyme B (GzmB) promoter (134). This promoter limits expres- 
sion to activated CD4-I- and CD 8-1- T-cells, natural killer cells (NK) and lymphokine- 
activated killer (LAK) cells. Tumors composed of large granular lymphocytes 
developed in these mice on the tail, legs, and ears. Tax expression was restricted to the 
thymus, bone marrow, stomach, spleen, and tumor tissue. LGL lines cultured from these 
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mice displayed surface markers indicating a pre-NK cell lineage (positive for 
FcyRII/III, CD122, CD44, Thy 1.2, 5E6) (135). 

In contrast, use of the human granzyme B promoter to regulate Tax expression 
(GzmB-Tax mice) resulted in large granular lymphocytic lymphoma/leukemia (LGL), 
and the penetrance was 100% (134). The tumor cells have the cell surface phenotype 
of natural killer/T (NK/T) cells. The animals developed LGL at a median age of 6 
months, and manifested up to 70% LGL cells in the hlood and 40% LGL cells in the 
hone marrow. LGL tumors are first evident at peripheral sites, such as the tail, ears, or 
extremities, sites of trauma from tail clipping, ear labeling, or fighting. However, LGL 
cells are also present in the spleen, liver, lung, and mesenteric nodes. The GzmB-Tax 
mice have been used for studies of cytokine activation in LGL pathogenesis (135). In 
studies of primary tumor cells, IL-1, IL-6, IL-10, and IL-15, GM-CSL, and ILN-y were 
expressed, but not IL-2, IL-4, or IL-9 (135). In contrast to primary tumor cells, tumor 
cell lines did not exhibit IL-1 expression, suggesting that IL-1 was expressed from a 
nonmalignant cell population infiltrating the LGL tumors. IL-1 can promote malignant 
cell growth and invasiveness, and also induce antitumor immunity (136). High levels 
of GM-CSL in these transgenic mice are believed to initiate neutrophilia, a character- 
istic finding for this animal model. The roles of other cytokines in this model remain 
to be determined. IL-6 is a pleiotropic cytokine, acting as an acute-phase reactant that 
regulates differentiation, proliferation, and survival of a wide variety of cell types 
(137). IL-10 suppresses inflammatory responses, and regulates the growth of NK and 
T-cells, and other cell types (138-141). Thus, IL-10 could play an immunoevasion role 
for HTLV- 1 infection. 

The finding of high levels of ILN-y expression in Tax transgenic mice is consistent with 
findings with ATLL cell lines (138,142-145). The role of ILN-y expression was investi- 
gated using GzmB-Tax mice with homozyogous deletion of the ILN-y gene (ILN-y-/-). 
These mice exhibited accelerated tumor development, morbidity, and mortality (146). 
Compared to ILN-y -I-/-I- mice, ILN-y-/- mice had no significant alteration in CD4 or CDS 
lymphocyte infiltration into tumors, cytotoxic T-cell (CTL) activity directed against 
tumors, or expression of MHC I or II proteins. However, ILN-y-/- tumors, compared to 
ILN-y +/+ tumors, exhibited enhanced angiogenesis, and gene array studies showed 
increased vascular endothelial growth factor and tenascin C and depressed tissue inhibitor 
of metalloproteinase- 1 and tumor necrosis factor-a expression (L. Ratner, manuscript in 
preparation). Collectively these studies indicate that ILN-y appears to be an important reg- 
ulatory response for Tax-induced LGL tumors, inhibiting tumor angiogenesis. 

7. CYTOKINE EXPRESSION IN RESPONSE TO HTEV-1 INFECTION 

During HTLV- 1 infection, a number of cytokines have been reported to be produced, 
including IL-l-a, IL-l-p, IL-2, 3, 4, 5, 6, 9, and 15, TGL-p, TNL-a, TNL-p, ILN-y, and 
GM-CSL, as well as chemokines, such as IL-8, RANTES, and MIP-l-a (138,144, 
147-155). The mechanism of cytokine and chemokine induction in HTLV-1 infected 
cells has been primarily investigated in relationship to Tax activation of cellular gene 
expression. Tax activates gene expression through several different pathways, but acti- 
vation through NL-kB appears to be most important for cytokine gene expression 
(153,156-160). Activation of NL-kB occurs through multiple distinct cellular events 
triggered by Tax. Lirst, Tax activates inhibitor-K kinase (IKK) by direct binding to the 
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IKK-y subunit (160-162). Moreover, Tax physically interacts with mitogen activated 
protein kinase (MAPK) kinase kinase 1 (MEKKl) to enhance phosphorylation of IKK-a 
and (3 subunits (163,164). In addition, Tax binds to the NF-kB p50 precursor protein, 
plOO, and accelerates its proteolytic processing (165). Most of the cytokines enumer- 
ated above have NF-kB binding sites in their promoters. 

In contrast. Tax activates nuclear factor of activated transcription (NFAT) by induc- 
ing constitutive dephosphorylation (166,167). NFAT is critical for induction of IF-2 and 
Fas ligand. Thus, Tax may directly or indirectly enhance the phosphatase calcineurin, 
which is required for dephosphorylation and thus nuclear translocation of NFAT. 
Moreover, Tax also induces activated protein- 1 (AP-1) and c-Jun kinase (JNK) activi- 
ties, although the mechanism of action is incompletely understood. This pathway has 
been implicated in the activation of TGF-[3 expression. In addition. Tax activates the 
CREB or ATF pathway through direct interactions with CREB -binding protein (CBP) 
and its homologous co-activator, p300 (168,169). This pathway is involved in activation 
of the viral promoter. However, competition for CBP/p300 binding has been suggested 
as a means to depress TGF-[3 action (170,171). 

8. IL-2 AND IL-15 IN ATLL 

IF-2 and IF- 15 are structurally similar cytokines that function through the same IF- 
2R (3 and ychains (common y chain), but use distinct IF-2R and IF-15R-a chains (172). 
Despite these similarities, IF-2 and IF- 15 have distinct effects on NK and T-cells. IF-2 
has a pivotal role in activation-induced T-cell death, whereas IF- 15 stimulates the expres- 
sion of CD8-I- memory T-cells, and is critical for NK cell development and maintenance. 
ATFF cells constitutively express high levels of the IF-2Ra and many ATFF cell lines 
remain IF- 2-dependent, suggesting a key role for IF-2 in the development of disease 
(173-176). IF-15 and IF-15-specific binding receptor mRNA and protein levels are also 
increased in HTFV-1 infected cells (157,177). This results from Tax expression and acti- 
vation of NF-kB. Moreover other interleukin receptors that share the common y chain, 
including those for IF-4 and IF-7, but notIF-9, are also over-expressed in ATFF cells. 

The dependence of many ATFF cell lines for the IF-2/IF-2R system has resulted in 
the development of specific immunotherapy utilizing humanized antibodies to the IF- 
2Ra (178). The most successful use of this therapeutic approach has been with human- 
ized IF-2R antibody (anti-Tac) conjugated to a- or [3-particle-emitting radionuclides. 
This approach has also been used for therapy in malignancies not associated with 
HTFV- 1 , but also characterized by exploitation of the IF-2/IF-2R system for prolifer- 
ation. These have included anaplastic large cell, peripheral T-cell, cutaneous T-cell, 
and NK-cell lymphomas. In the ATFF-bearing SCID mouse model, humanized anti- 
Tac has resulted in antitumor responses (179). These responses may be enhanced by 
CO- administration of an antibody directed against pan-T-cell marker, CD2, using 
humanized antibody MEDI-507. 

Transformation of T-cells by HTFV-1 may also result in IF-2 and 15-independence. 
Although, activation of the Janus kinase 3 (JAK3) and transcription factor STAT5 path- 
way are essential for IF-2 and IF-15 induced proliferation of T-cells, this pathway is not 
required in IF-2-independent, HTFV-1 transformed cells (176,180). This may provide an 
explanation for the resistance of some patients to anti-IF-2R immunotherapy. Thus, early 
stages of HTFV-1 immortalization involve polyclonal and then oligoclonal expansion of 
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CD4+ T-cells, which may involve autocrine or paracrine expression of IL-2, 
IL-15, and their receptors. Subsequent stages, however, result in uncoupling of the IL-2 
and 15 pathways, resulting in Jak-3/Stat5 independence. 

Several other interleukins, in addition to IL-2 and 15, may contrihute to various 
aspects of ATLL. IL-6 is expressed in ATLL cells, and may contrihute to hypercalcemia 
and osteolytic hone lesions (181,182). Transcriptional activation of IL-13 in HTLV-1 
infected cells lines has also been described (144). IL-13 expression was directly related 
to levels of Tax expression. Because IL-13 has a key role in tumor immunosurveillance 
and central nervous system inflammation, it may contribute to the pathophysiology of 
HTLV-1 associated diseases. The Tax oncoprotein can also directly bind to the precur- 
sor of IL-16 (pro-IL-16) (183). This occurs through one of its PDZ domains, and 
inhibits the ability of pro-IL-16 to cause G1 cell cycle arrest. This may contribute to the 
effects of Tax in deregulation of T-cell proliferation. 

9. CHEMOKINES AND HTEV-1 -INDUCED CEEE PROEIFERATION 

AND LYMPHOCYTE TRANSFORMATION 

Chemokines play a role as leukocyte attractants, and chemokine expression by ATLL 
cells may enhance infiltration of malignant cells into skin and lymph nodes. Leukocyte 
migration from the circulation into tissues depends on integrin-mediated adhesion to 
endothelium. HTLV-1 infected cells express CC-chemokine receptors, CCR4, CCR5, 
and CCR7, as well as CCR5-binding chemokines MIP-la, MIP-1[3, and RANTES 
(159; 184-194). In each case. Tax alone could reproduce these effects. Moreover, 
chemokine activation of G-protein coupled receptors and activation of phosphoinositide 
3-kinases was found to be critical for cytoskeletal rearrangements critical to endothelial 
association (195). Tax was also shown to activate gene expression of human 
macrophage inflammatory protein-3a, also known as CCL20, as well as monocyte 
chemoattract protein-1 through the NF-kB pathway (186). IL-8 is activated through the 
AP-1 pathway in HTLV-1 infected cells (84). In addition, anti-apoptotic chemokine 1-309, 
was also found to be expressed in ATLL cell cultures, and biologically active through its 
receptor CCR8 (191). HTLV-1 infected cells were also found to express stem cell-derived 
factor- 1 (SDF-1) and its receptor, CXCR4, and migrated towards SDF-1 in chemotaxis 
assay (196). 

10. TGF-p, TNF-a, AND HTLV-1 -MEDIATED TRANSFORMATION 

TGF-(3 suppresses premalignant lesions, but it is pro-oncogene in later stages of dis- 
ease, and appears to contribute to metastasis (197,198). TGF-(3 acts as a tumor suppres- 
sor in premalignant lesions causing growth inhibition, induction of apoptosis, and 
genomic stability. In contrast, TGF-(3 in malignant lesions, contributes to tumor cell 
autonomy by promoting epithelial-mesenchymal transition, invasion, motility, and sur- 
vival. TGF-(3 also has effects on tumor stroma including immunosuppression and angio- 
genesis. Intracellular signaling mediating TGF-(3 activities involve Smad-dependent and 
MAPK-dependent pathways (199,200). 

The role of TGF-[3 in the induction or maintenance of ATLL is not entirely clear. Tax 
appears to promote the expression of TGF-[3 in Tax-transgenic mice (201). Tax trans- 
genic mice with tumors in the submaxillary glands and skeletal muscle display high lev- 
els of Tax in combination with TGF-(3 mRNA and protein. Moreover, these investigators 
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also reported that TGF-[3 stimulated the proliferation of neurofibromas derived from 
such Tax transgenic mice. In contrast to normal T-cells, ATLL cells are resistant to 
growth inhibitory effects of TGF-(3. This effect has been explained by Tax activation 
of INK, resulting in c-Jun phosphorylation, and formation of a c-Jun complex with 
Smad3 (202). This abrogates DNA binding activity of Smad3. Other studies have 
shown direct interactions of Tax with several Smads, directly inactivating their DNA 
binding activity (171). A third mechanism that has been proposed that involves Tax 
binding to transcriptional coactivators CBP/p300, competing for binding to Smads 
(170). Collectively, these findings suggest a possible role of TGF-[3 in mediating Tax- 
induced tumorigenesis in ATLL. 

Tax has also been shown to induce expression of TNF-a and to activate its tran- 
scription through the NF-kB pathway (87). Another mechanism for TNF-a activation 
is through physical interaction of Tax with tristetrapolin, an immediate-early protein 
that enhances expression of TNF-a at a post-transcriptional level (203). It is also 
interesting that a study of polymorphic germ line DNA loci associated with develop- 
ment of ATLL, after HTLV- 1 infection, demonstrated that individuals with polymor- 
phisms associated with high TNF-a expression were 2.3-foId more likely to develop 
ATLL, whereas no association was found with polymorphisms in anti-apoptotic genes 
breakpoint cluster region 2 (BcI2), glutathione S transferase, or cytochrome P450 AI 
(204,205). 

11. HTLV-1 ACCESSORY GENES IN CYTOKINE EXPRESSION 
AND T-CELL ACTIVATION 

In addition to the regulatory proteins Tax and Rex, the HTLV-1 pX genome region 
encodes four accessory proteins, pl2\ p27\ pl3^^, and p30*^ from alternatively spliced 
forms of mRNA in ORF I and II (Fig. 1) (206-209). HTLV-1 accessory proteins were 
considered dispensable for viral replication (210), however, recent findings have demon- 
strated the role of the HTLV-1 accessory proteins in viral infectivity, maintenance of high 
viral loads, host cell activation, and regulation of gene transcription (211-224). Data 
from various studies provide strong evidence for the expression of these viral proteins 
during the natural viral infection (208; 209; 22 5-227). HTLV-1 pl2^ localizes in cellular 
endomembranes (207), predominantly in the ER and cis-Golgi apparatus where it directly 
binds caketiculin and calnexin, two proteins in the ER associated with calcium storage 
and calcium-mediated cell signaling (228). The binding of exogenously expressed pl2^ to 
IE-2Ra chain correlates with a reduced cell-surface expression of the receptor and a 
decreased requirement of IE-2 to induce proliferation during suboptimal stimulation with 
anti-CD3 and anti-CD28 antibodies (229). However, lymphocyte cell lines immortalized 
by the HTEV-1 proviral clone ablated for pX ORE I expression, ACH.pl 2\ have intact 
IE-2R signaling pathways (176). Nevertheless, pl2^ does not appear to significantly alter 
the activation of the IE-2R-associated JAKl and JAK3, or their downstream effectors 
STAT3 and STATS, after immortalization. Collectively, these studies indicate that pi 2^ 
interacts with key cellular proteins involved in immune recognition and cellular prolifer- 
ation to confer a growth advantage to infected cells during the early stages of infection, 
before immortalization. Euture studies are necessary to characterize the interaction 
between pi 2^ and MHC-I in vivo and to understand the JAK3-independent pathway induc- 
ing STATS activation by pl2f 
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Fig. 1. Diagram of HTLV-1 genome and alternatively spliced mRNA and protein species from pX 
ORFs. Numbers correspond to nucleotide positions of exon splice acceptor and donor sites with 
respect to the full length HTLV-1 genome. Dotted lines indicate the mRNA while the boxes below the 
dotted lines indicate coding regions of each protein. Open reading frame from which each protein is 
produced is indicated as superscript, on the right of each protein. 



11.1. Role of pl2^ in Calcium-Mediated T-cell Signaling 

pi 2^ specifically activates NFAT in synergy with Ras/MAP kinase activation stimu- 
lated by the phorbol ester, PMA. Reports from our laboratory demonsttated that pl2^ 
expression in Jurkat T-cells results in approx 20-fold activation of NFAT dependent gene 
expression, whereas AP-1 or NF-KB-mediated transcription remained unchanged (212). 
Studies performed by inhibiting phospholipase C-y (PLC-y), LAT, calcineurin, and 
NFAT, narrowed the functional platform of pl2^ to be between PLC-y and calcineurin 
(212). Activation of NFAT by pl2* was dependent on increase in cytosolic calcium and 
pi 2^ functionally substituted for thapsigargin, a specific inhibitor of ER calcium ATPase, 
which specifically depletes the ER calcium store. In fact, pi 2^ increases the base-line 
cytoplasmic calcium concentration, by release of calcium from ER stores and subsequent 
higher capacitative calcium entry (213). Collectively, HTEV-1 pl2^ regulates the calcium 
homeostasis and activates NEAT-mediated transcription in lymphoid cells in a calcium- 
dependent manner. 

Both the IP 3 R, and calcium release activated calcium channels (CRAC), contribute to 
the NEAT activation by pl2\ strongly indicating the role of pl2^ on calcium homeosta- 
sis. Calcium release from the ER by pl2^ and subsequent activation of NEAT (213), 
would be advantageous to the virus during the early stages of HTEV-1 infection. In 
addition, pl2^ mediated increase in NEAT activity could cause complete activation of 
cellular stimuli that would normally induce only partial activation of T-cells. These 
stimuli could be triggered by cytokines or chemokines released from infected neighbor- 
ing cells or by direct contact between viral envelope proteins and certain cell surface 
receptors on newly targeted lymphocytes before viral entry (230). Although localization 
of pl2^ to the ER appears to be essential for NEAT activation, (231), direct binding 
between calreticulin and pl2^ does not correlate with the NEAT activation (213). 
Interestingly, there is a functional similarity between pi 2^ and a cellular protein CAME 
(Ca^"''-modulating cyclophilin ligand), which also contains two putative transmembrane 
domains and like pi 2^ colocalizes with calreticulin in the ER, induces calcium release 
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from the ER, and leads to NEAT activation ( 232 ). Eurther studies are necessary to iden- 
tify the significance of pi 2^ - calreticulin interaction in HTEV-1 infection and develop- 
ment of ATEE. 

Expression of NEAT induces a highly permissive state to overcome the blockade at 
reverse transcription and permits HIV replication in primary CD4'*' T-cells. Therefore, it 
is possible that pl2^ causes T-cells to be hypersensitive to T-cell receptor and CD28 
stimulation and thus highly permissive for subsequent viral infection. Interestingly, sus- 
ceptibility of these cells to HIV infection could be restored by mitogen treatment, likely 
owing to the phytohemagglutinin-induced upregulation of NEAT activity. This is similar 
to earlier reports from our laboratory that addition of mitogens can rescue the infectiv- 
ity of a pl2^ mutant viral clone in resting PBMC ( 218 ), likely by overriding the require- 
ment for pl2kinduced activation of NEAT. 

pl2^ competes with NEAT for calcineurin binding ( 211 ). Interestingly, alanine sub- 
stitution mutations in PxIxIT motif resulted in increased nuclear translocation and tran- 
scriptional activity (~2-fold) of NEAT ( 211 ). Many calcineurin-binding proteins such as 
the anti-apoptotic protein Bcl-2, calcineurin B homologous protein, a kinase anchoring 
protein AKAP79, and myocyte-enriched calcineurin-interacting protein 1 inhibit either 
calcineurin phosphatase activity or its substrate NEAT transcriptional activity 
( 233 - 235 ). However, pl2^ binding to calcineurin via a motif similar to PxIxIT did not 
inhibit calcineurin phosphatase activity, but instead influenced NEAT and calcineurin 
interaction by competing for binding with NEAT similar to artificial peptides represent- 
ing this motif ( 236 ). 

The presence of calcineurin-binding motif in pi 2^ could regulate NEAT by either 
positive modulation via increasing cytosolic calcium concentration from ER stores or neg- 
ative modulation by calcineurin binding. The significance of this mutually opposed regu- 
latory functions of pl2^ on NEAT transcriptional activity is unclear. Similar to another 
protein with similar binding properties such as Bcl-2, pl2* may act as an ion channel pro- 
tein to increase ER calcium permeability and thereby affect apoptosis in HTEV-1 -infected 
T-cells. Another ER membrane protein, CAME, activates NEAT by increasing calcium 
flux and binds with calcineurin indirectly, through its association with cyclophilin ( 232 ). 
Overall, pi 2^ interacts with proteins involved in regulation of intracellular calcium levels 
such as calcineurin, mediated through a highly conserved PSEP(EE)T motif, to further 
T-cell activation, and subsequently enhance viral infectivity. 

In the case of HTEV-1, pi 2^ enhances the production of IE-2, a downstream gene of 
NEAT activation, in Jurkat T-cells and primary lymphocytes, in a calcium-dependent 
fashion ( 231 ). This increase in IL-2 could account for the decrease in requirement for 
the cytokine in proliferation of human primary lymphocytes in the presence of pi 2^ 
( 229 ). Overall, pl2^ expression hastens T-cell activation and likely facilitates viral repli- 
cation and productive infection, which correlates with the indispensable nature of pi 2^ 
in viral infectivity in vivo ( 219 ). 

The mechanism by which calcium induces gene expression has been the focus of 
many investigations. Based on DNA microarray analysis, Eeske et al ( 237 ) demonstrated 
that Ca^''' signals modulate the expression of various genes involved in transcription, 
including c-Myc, c-Jun, c-rel, STAT5B, STAT4, STAT-1, CREM, NEAT4, EosB, BRE2, 
E2E3, IRE-1, IRE-2, NE-IE3A, Era-2, EEIl, MINOR, NOT, and SMBP2. Calcium- 
dependent activation of a wide variety of transcription factors, such as NEAT, NEkB, 
Elk-1, Nur77, AP-1, ATE-2, and CREB, is through calmodulin-dependent protein kinases 
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and phosphatases (238-240). Although a small transient spike of Ca^"'' increase hy store 
depletion activates signaling pathways and transcription factors such as NFkB and JNK 
(241), capacitative calcium entry and a sustained Ca^"'' increase are necessary to activate 
other transcription factors, such as NFAT (241-243). 

Collectively, pi 2^ appears to he a key molecule required hy HTLV-1 to replicate 
(219) and is a key molecule involved in modulation of cellular gene expression in a 
calcium-dependent manner. Future studies are needed to provide insight into how 
HTLV-1 uses accessory proteins to modulate their cellular environment for long-term 
cell survival setting the stage for lymphocyte transformation. 

12. PERSPECTIVES OF HTEV-1 AND CYTOKINES 

HTLV-1 infected cells, ATLL tumor cell lines, and Tax transgenic tumor cells are rich 
sources of cytokines, resulting from activated malignant T or NK cells. Technologies and 
model systems are now established to more fully define the role of cytokines in disease 
pathogenesis. Additional studies of antibodies, small molecules inhibitors, small interfer- 
ing RNAs, dominant negative mutants, and genetic knockout strategies will be enlight- 
ening in defining the role of each cytokines in tumor initiation and progression. 
Exploitation of these findings for therapeutic development has already occurred with the 
use of antibodies to the IL-2R for ATLL (178,244,245). Animal models and clinical stud- 
ies will be critical to assess the efficacy and toxicity of these new approaches in order 
to improve the outcome of this aggressive malignancy. Lessons from HTLV- 1 biology 
and ATLL pathogenesis will continue to be applicable to a much broader range of 
human malignancies. 
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1. INTRODUCTION 

Herpesviruses are large, enveloped, double-stranded DNA viruses, which are charac- 
terized by their ability to cause mild acute infections followed by lifelong latency in the 
host and periodic episodes of reactivation. The herpesviridae family is subdivided, 
based on their biologic properties, into the a-, [3-, and y-herpesvirinae and can be found 
in a wide variety of species ( 1 ). Of the eight human herpesviruses (HHV) identified to 
date, only two have been clearly shown to be oncogenic: Epstein-Barr virus (EBV, or 
HHV-4) and human herpesvirus 8 (HHV-8; also termed Kaposi’s sarcoma-associated 
herpesvirus, KSHV). Both viruses belong to the y-herpesvirus subfamily, but are further 
subdivided as a lymphocryptovirus (EBV) or a rhadinovirus (HHV-8). They can infect 
cells of lymphoid origin, particularly B-cells, but also have a tropism for other cell 
types, such as epithelial cells for EBV and endothelial cells for HHV-8. Infection of sus- 
ceptible cells with either of these herpesviruses results in the triggering of both a 
humoral and cellular immune response, which includes the expression of numerous cel- 
lular cytokines. Interestingly, in addition to inducing host cytokines, both EBV and 
HHV-8 encode homologues to cellular cytokines and their expression is important in 
both modulation of the host’s immune response to infection as well as viral-induced 
pathogenesis. In this chapter we will review cytokine responses, both virally encoded 
and cellular, that are produced as a result of EBV or HHV-8 infection focusing on those 
identified as having a potential role in carcinogenesis. 

2. EBV 

EBV is ubiquitous in the world’s human population with a prevalence rate over 90% 
(2). Although the majority of primary EBV infections are believed to be asymptomatic. 
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Table 1 

EBV Gene Expression During Different Latency Programs 


EBV latency 


Latent genes 


Associated 


program 


expressed 


cancers 


Latency I 


EBNA-1, EBERs 


Burkitt’s lymphoma 


Latency II 


EBNA-1, EBERs, LMP-1, -2A, -2B 


Hodgkin’s disease, nasopharyngeal 






carcinoma 


Latency III 


EBNA-1, -2, -3 A, -3B, -3C, EBNA-LP, 


Posttransplant lymphoproliferative 




EBERs, LMP-1, -2A, -2B 


disease 



EBV infection in adolescents and young teens can result in infectious mononucleosis (3). 
A primary EBV infection begins with the virus infecting the epithelial layer of the nasal 
and pharyngeal passages and spreading to nearby B-cells. As a result of viral replication, 
fever, pharyngitis, lymphadenopathy, splenomegaly, hepatocellular dysfunction, and 
oftentimes, skin rashes develop (4). Normally, the immune response to EBV is aggres- 
sive, resulting in a rapid elimination of virus-infected cells. This aggressive immune 
response includes the activation of natural killer cells (NK), antibody-dependent cellular 
cytotoxicity (ADCC), and EBV-specific cytotoxic T-cells (CTE) (5). The host’s immune 
response controls viral replication, marking the end of the primary infection and forcing 
the virus into establishing a latent infection in B-cells (5). The ability of EBV to estab- 
lish latent infections in B-cells is believed to be directly responsible for the development 
of several different neoplasms including endemic Burkitt’s lymphoma (BE), Hodgkin’s 
disease (HD), post-transplant lymphoproliferative disease (PTED), and undifferentiated 
nasopharyngeal carcinoma (NPC) (6). 

2.1. EBV-Induced Cancers 



2.1.1. Burkitt’s Lymphoma 

Burkitt’s lymphoma (BE) presents in two forms: endemic, in which cases are >90% 
EBV positives, and nonendemic, which are only 15-30% EBV positive. The hallmark 
of this cancer is a translocation that displaces the c-myc gene on chromosome 8 with 
either the immunoglobulin heavy (chromosome 2) or light chains (chromosomes 14 or 
22). The translocation is similar in both the endemic and nonendemic forms, but is 
thought to occur by different mechanisms. EBV infected BE have been shown to express 
the Eatency I gene pattern (Table 1), which is described as expression of EBNA-1 
(Epstein-Barr nuclear antigen 1) and the EBERs (Epstein-Barr virus-encoded small 
RNAs) (6,7). The expression of these latent viral genes may contribute to the growth of 
BE cells, as EBER transcripts have been shown to induce human IE-10 (hIE-10) pro- 
duction (8), which has been shown to induce the proliferation of activated B-cells 
(reviewed in Ref. 9). The EBER transcripts may also have another role in tumorigene- 
sis as they have been shown to block the lEN-a-activated apoptosis pathway by bind- 
ing double-stranded RNA-activated protein kinase (PKR) (10). Several studies have 
also looked at cytokine expression in AIDS-associated BE cells and found upregulation 
of IL-7, hIE-10, IE-12, IE-16, MIP-la, and MIP-1(3, suggesting a possible synergistic 
effect between HIV and EBV in tumor induction (11). 
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2.1.2. Hodgkin’s Disease 

Hodgkin’s disease (HD) is a lymphoma characterized hy the presence of 
Hodgkin/Reed-Stemherg (HRS) cells in a mass of nonmalignant immune cell infiltrate. 
The HRS cells, while rare, are present in the tumor and presumed to he the malignant 
cell and of B-cell lineage. Approximately 35% of all HD cases are EBV positive and of 
these cases, EBV is found in the HRS cells. EBV-related HD follows the Eatency II pat- 
tern of EBV gene expression (Table 1) which is characterized hy expression of EBNA-1 
and the latent membrane proteins (EMP) EMP-1, EMP-2A, and EMP-2B ( 7 ). 

Expression of the cytokines IL-5, IE-6, hIE-10, and IL-13 have been associated with 
the EBV-related HD. HD biopsies have been shown to express IE-6, but not IE-8, and 
have mixed expression of hIE-10 ( 12 ). Although one study has reported the downregu- 
lation of hIE-10 transcription in HRS cells ( 13 ), others have found IE-10 expression to 
be linked to EMP-1 expression. In these studies, patients with EMP-1 expressing HRS 
cells had higher serum hIL-10 levels and cellular IE-10 transcripts ( 14 , 15 ). 

The levels of IE-5 and IE- 13 transcripts have also been found to be up-regulated in 
EBV-related HD cells ( 13 , 16 ). The upregulation of IE- 13 may act as growth factor for 
HRS cells. In a more recent report, Kapp and coworkers reported that neutralizing anti- 
bodies against IE- 13, but not IE-5, suppressed the growth of HD-derived cell lines ( 16 ). 
Eurthermore, IE- 13 production seems confined to HRS cells in the tumor, while IE-13R 
expression was found on HRS cells, lymphocytes, histiocytes, fibroblasts, and endothelial 
cells ( 16 , 17 ). Therefore, it appears that IE- 13 can act in a positive, autocrine manner on 
HRS cells, in addition to having a paracrine effect on other cells in the area of the tumor. 

2.1.3. Post-Transplant Lymphoproliferative Disease (PTLD) 

Post-transplant lymphoproliferative disease (PTED) is a category of EBV-related 
cancers that arise as a result of the immunosuppressive regimen used after organ trans- 
plant and usually show the latency III pattern of gene expression (Table 1), which is 
characterized by expression of all the EBNAs and EBERs along with expression of 
EMP-1 and EMP-2) ( 7 ). The immunosuppression associated with organ transplant can 
result in EBV reactivation from either the donor or organ recipient and subsequent 
expansion of EBV-infected lymphocytes. The risk for development of PTED is greater 
in young patients and those with a seronegative status at the time of transplant who 
receive an organ from a seropositive donor. The level of EBV DNA in circulating lym- 
phocytes has a predictive value in PTED development and progression such that 
increasing levels predict the onset of PTED ( 18 ). Treatment of PTED primarily involves 
reduction in immunosuppression, but also includes antiviral therapy, interferon admin- 
istration, and traditional cancer treatments. 

As a large percentage of PTEDs regress upon reduction in immunosuppression ( 19 ), 
it appears the establishment, maintenance, and regression of this cancer is because of, to 
a significant degree, the host immune response. Eor example, studies have suggested that 
the cytokines IE-4 and hIE-10 are involved in PTED initiation and progression whereas 
the cytokines IE-2, GM-CSE, IE- 18 and lEN-gamma are involved in tumor regression. 

PTED tumors have been shown to express the Th2 type cytokines IE-4 and hIL-10, 
and are negative for production of lEN-y and IE-2. Regression of these tumors was asso- 
ciated with a concomitant loss or reduction of IE-4 expression ( 20 ). Studies have also 
shown that neutralization of hIL-10 in cultures of spontaneous lymphoblastoid cell lines 
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from PTLD patients by antibody or soluble IL-IOR, results in decreased growth of these 
cells ( 21 ). Thus both IL-4 and hIL-10 are implicated in tumor survival. 

The cytokines IL-2, IL-18, GM-CSF, and IFN-yhave been implicated in the prevention 
or regression of PTLD tumors. In an animal model using SCID mice, PTLD development 
was prevented by administration of IL-2 and GM-CSF, which resulted in the recruitment 
of NK cells, CD8-I- cells, and monocytes ( 22 ). Recent studies have also focused on IL-18 
as a factor in the resolution of PTLD as it appears that expression of this cytokine is higher 
in the serum of patients with regressing PTLD and its upregulation is owing to LMP-1 
expression ( 23 , 24 ). Expression of IL-18 results in the induction of IFN-y and its related 
chemokines, IP- 10 and Mig, which also have a role in tumor reduction ( 25 , 26 ). As a result, 
therapeutic induction of IL-18 may have promise in the treatment and prevention of 
PTLD. The importance of IFN-y induction in PTLD tumor regression is further corrobo- 
rated by a preliminary study showing an association of PTLD development with an IFN-y 
genetic polymorphism that results in lower IFN-y production ( 27 ). 

2.1.4. Nasopharyngeal Carcinoma 

Undifferentiated nasopharyngeal carcinoma (NPC), which occurs largely in middle- 
aged males, is a tumor of the epithelial cells lining the posterior nasopharynx. NPC is 
rare, but has a very high prevalence among Taiwanese and Inuit populations. Almost ah 
undifferentiated NPC is EBV positive, whereas only a small proportion of other sub- 
types are positive. NPC is associated with EBV in the latency II pattern (EBNA-1, 
EBERs, EMP-1, EMP-2; Table 1) and a nonrandom deletion in chromosome 3 at 3p25 
and 3pl4 ( 6 , 7 ). Several studies have shown the presence of both host and viral cytokines 
linked with NPC. It has been reported that serum hIL-10 is higher in NPC patients vs 
controls ( 28 ). Also one study has demonstrated that whereas NPC biopsies are positive 
for lE-la, lE-ip, and the viral IE-10 homologue (vIE-10; discussed below), control NP 
cells were negative or rarely positive by both in situ hybridization and RT-PCR. The IE-1 
detected in these biopsies may be because of expression from both infiltrating CD4-I- 
cehs and infected epithelial tumor cells ( 29 ). Infiltrating T-cehs have also been shown 
to produce lEN-y whereas infiltrating macrophages produce the chemokines MIP-la 
and MCP-1, all of which attract additional lymphocytes into the tumor ("30). IE- 8, which 
is known to increase angiogenesis, has also been demonstrated in NPC sections by 
immunohistochemistry and its presence is correlated both with microvessel count and 
EMP-1, VEGE, and bEGE expression. Eurthermore, transfection of EMP-1 alone was 
enough to induce IE-8 production through an NEkB - dependent pathway ( 31 ). However, 
contrasting results have also been reported, showing that EBV positive tumors are neg- 
ative for IE- 10 with IE-6 and IE-8 expression present in rare cases ( 12 ). It is possible 
though, that because there appear to be multiple categories of NPC, which may or may 
not all be associated with EBV, and because there are many different types of cells in 
the tumor, these studies may actually be looking at different phenomena. 

2.2. Viral IL-10 (vIL-10) 

As discussed above, IE- 10 is implicated as an important cytokine in the initiation and 
maintenance of EBV-related cancers. Human IE-10 is a type II cytokine produced by 
activated T-cehs, B -cells, monocytes, and keratinocytes and has suppressive effects on 
macrophages, dendritic cells, NK cells, and T-cell functions such as antigen presentation. 
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proliferation, and cytotoxicity. The expression of hIL-10 inhibits expression of Thl 
cytokines such as IL-2, and IFN-y, in addition to IL-3, GM-CSF, and TNF-a. A major 
function of hIL-10 is to inhibit Thl functions and to limit and terminate inflammatory 
responses (reviewed in Ref. 32 ). As a robust Thl response is a critical component of the 
immune system’s ability to fight tumorigenesis, the induction of hIL-10 by EBV-related 
cancers represents at least one method that the virus may use to circumvent the immune 
system leading to increased carcinogenesis. 

Interestingly, in addition to using hIL-10 in the development of tumors, EBV also 
encodes an IE- 10 homologue. The EBV open reading frame BCREl encodes a protein 
that is commonly referred to as vIE-10, as it shares 85% amino acid homology with 
hIE-10 and 70% nucleotide and amino acid sequence homology with murine IE-10 
(mIE-10) ( 33 ). 

Recent crystallography experiments have shown the vIE-10 protein to be similar to 
hIE-10 with only slight conformational changes, which may be responsible for the dif- 
ferences in binding affinities of the IE- 10 proteins to the IE- 10 receptor (lE-lOR) ( 34 ). 
The vIE-10 protein binds hlE-lOR with 1000-fold less affinity than the hIE-10 protein, 
but induces the proliferation of some lE-lOR expressing cells to a greater degree than 
hIE-10 ( 35 ). However, on some cell types, such as mast cells and thymocytes, vIE-10 
lacks the immunostimulatory capacity of hIE-10 and this difference has been attributed 
to the lack of an isoleucine residue at 87aa ( 36 ). 

During an EBV infection, both IE- 10 proteins are expressed. The vIE-10 protein was 
originally thought to be expressed late in the viral replication cycle, but has been 
demonstrated as early as 6 hours postinfection in B-lymphocytes, with expression of 
hIL-10 following 1 day later ( 37 ). 

The vIE- 10 protein is thought to assist in transformation of B-cells by either increas- 
ing cell viability or by downregulation of the antiproliferative effects of lEN-y ( 38 ). 
Thus it is required for the transformation of B-cells with EBV ( 37 ) and suppresses the 
rejection of both allogeneic and syngeneic tumors in mice presumably through a local- 
ized immunosuppression function. This effect can be neutralized with anti-hIE-10 or 
administration of either IE-2 or IE- 12. The immunosuppressive effect of vIE-10 is in 
contrast to mIL-10, which stimulates an immune response resulting in suppression of 
tumor growth ( 39 ). In addition, Rapamycin, which inhibits hIE-10 secretion and signal- 
ing, also inhibits growth of B -cell lines from post-transplant lymoproliferative disorder 
(PTED) patients and experimental PTED in mice ( 40 ). This effect appears to be com- 
plex, however, as others have determined that neutralization of hIL-10 in the huPBE- 
SCID model of EBV-PTED did not reduce the occurrence of the disease ( 41 ). 
Additionally, it has also been reported that both VIE-10 and hIL-10 reduced the growth 
of Burkitt’s lymphoma cells in SCID mice via the blocking of VEGE and EGE produc- 
tion ( 42 ). This suggests that EBV-related cancers may have different requirements for 
VIE-10 and hIE-10. 



3. HUMAN HERPESVIRUS 8 

Chang and colleagues in 1994, using representational difference analysis, described 
the detection of two DNA fragments associated uniquely with a KS lesion from a 
patient with AIDS ( 43 ). The predicted amino acids encoded by these DNA sequences 
were found to share 39 and 51% identity to the capsid and tegument proteins of two 
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transforming primate yherpesviruses, Epstein-Barr virus (EBV), and herpesvirus saimiri 
(HVS) respectively. The descriptive name of Kaposi’s sarcoma-associated herpesvirus 
(KSHV) or the more formal name of human herpesvirus 8 (HHV-8) emerged. HHV-8 is 
a yherpesvirinae and member of the rhadinovirus subfamily (44). 

A primary HHV-8 infection among healthy adults has not been associated with a dis- 
ease, syndrome, or significant clinical symptoms (45) although primary infections 
among immunocompetent children have been reported to manifest with a febrile macu- 
lopapular rash (46). 

Seroepidemiologic studies have suggested that HHV-8 can be transmitted by both 
sexual and nonsexual routes. HHV-8 DNA has been detected in PBMCs, semen, and 
saliva of infected patients, with detection in the saliva the most common site where virus 
is found (47-52). The seroprevalence of HHV-8 varies among different populations and 
regions of the world. In the United States, seroprevalence ranges from 3-5.1% among 
blood donors (53) whereas in areas of Africa seroprevalence surpasses 50% (54-56). 
Among homosexual men in the United States the seroprevalence rate ranges from 42% 
among HIV seronegative men to 63% among HIV-infected men (E.P. Jacobson and EJ. 
Jenkins, unpublished results) whereas among college students, the seroprevalence is 
approximately 10% (57). 

In the United States, among the general population, the seroprevalence of HHV-8 
increases with age and sexual promiscuity. Thus HHV-8 infection among children under 
the age of 15 is rare but among individuals above the age of 15, ranges from 0 to 20% 
have been observed (53,58-62). This is in contrast to other parts of the world where 
HHV-8 infection occurs at much earlier ages. In Erench Guiana, a strong familial aggre- 
gation in HHV-8 seroprevalence was found with high mother-child (odd ratio 2.8 [95% 
Cl 1. 6-5.0]) and sibling-sibling (3.8 [1.6-9. 5]) correlations, supporting the spread of 
HHV-8 through casual intimate contact (63). 

3.1. HHV-8-Related Cancers 

3.1.1. Kaposi Sarcoma (KS) 

Kaposi’s sarcoma (KS) is neoplasm arising from vascular origins and is characterized 
by spindle-shaped cells with angiogenic properties surrounded by an inflammatory 
infiltrate. KS occurs frequently in HHV-8 and HIV co-infected persons (it is the most 
common AIDS-associated cancer and is an AIDS-defming illness), but also occurs in an 
endemic form in Africa, a classical form in older Mediterranean men and a post-solid 
organ transplant related form (termed iatrogenic KS). The AIDS-related KS often 
regresses with anti-HIV treatment while iatrogenic KS recedes with reduction in 
immunosuppression. This suggests a role for the host immune response in development 
and maintenance of KS and it follows that cytokine production may be involved in reg- 
ulating this response. A role for cytokines in KS development is supported by early 
studies, which showed that treatment of KS with TNE-a (64) or lEN-y (65) actually 
exacerbated KS disease. Isolated PBMC from KS patients have been reported to pro- 
duce predominately Thl-type cytokines (lEN-y, TNE-a, IE-1 and IE-6) with little or no 
Th2 cytokine production. (66,67,68). In particular, IE-4 is rarely secreted by PBMCs 
from KS patients, while lEN-y secretion is high and can be found in both PBMC and 
KS cell cultures (69). Since a KS lesion is not a homogenous population, but rather a 
mixed population of spindle cells and immune infiltrate, it has been further shown that 
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IFN-y production in a KS lesion is produced primarily by the infiltrating lymphocytes, 
particularly CD8+ T-cells, and monocytes/macrophages. It has been suggested that this 
IFN-y production leads to angiogenesis in the KS lesion as IFN-y activated endothelial 
cells have been shown to produce tumors in nude mice similar in morphologic appear- 
ance to early KS (70). Additionally, IFN-y has been implicated in the maintenance of 
HHV-8 infection of B-cells and monocytes in KS (71). 

Alternatively, it appears that IFN-a has the converse effect on growth of KS, as it has 
been shown to reduce HHV-8 viral load in cultured PBMC from KS patients (72). 
Specifically, it has been proposed that the antiproliferative effects of IFN-a are owing 
to downregulation of c-myc expression. Furthermore, while PDGF-(3 has been shown to 
upregulate expression of c-myc and induces growth of KS cells, IFN-a inhibits these 
activities (73). Because of this, IFN-a is frequently used with success in the treatment 
of classical and AIDS-KS (74,75). 

3.1.2. Pleural Effusion Lymphomas (PEL) 

Primary effusion lymphoma (PEL) is a rare type of non-Hodgkin’s B-cell lym- 
phoma characterized by the absence of a solid tumor mass, indeterminate immunophe- 
notype, and frequent co-infection with EBV (76). The largest proportion of PEEs occur 
in AIDS patients, but in rare cases, arise in individuals who are only infected with 
HHV-8. Given its similarity to EBV-B-cell lymphomas, several studies have investi- 
gated the expression of IL-6 and IL-10 in PEE cell lines. Not surprisingly, all the PEE- 
derived cell lines studied (BC-1, -2, -3, BCBL-1, KS-1, BCP-1, etc.) have been shown 
to express both IE-6 and IE-10 by EEISA, RT-PCR and Western blot (77-80). 
Additionally, one study has also demonstrated secretion of IE-6 (100%) and IE-10 
(87.5%) in AIDS-PEE patient samples (78). Similarly, these studies have also been 
able to show expression of the HHV-8 viral IL-6 homolog (vIL-6; discussed below) in 
these cells. Moreover, a role for these cytokines in PEL growth has also been shown. 
Soluble hIL-6R and IL-6 antisense oligonucleotides prevent the growth of PEL lines 
(79,80), as does neutralization of IL-10, IL-6 and vIL-6 (77). Along these lines, one 
study has shown both lEN-a and lEN-y to be inhibitory with respect to clonal growth 
(80). Interestingly, lEN-yhas been shown to reactivate latent HHV-8 as shown by viral 
gene expression (81,82), while, on the other hand, lEN-a appears to have the opposite 
effect on HHV-8 gene induction and virus replication, and has further been shown to 
reduce viral load in infected PBMC (72,83). It is unclear how the modes of action of 
these interferons differ in PEL cells, although more recent work suggests that lEN-a 
may induce apoptosis in these cells (84). 

3.1.3. Multicentric Castleman Disease 

Multicentric Castleman Disease (MCD) is a lymphoproliferative disease character- 
ized by the expansion of lymph node germinal centers, hypergammaglobulinemia, and 
B-cell expansion. The disorder exists in two forms, a vascular-hyaline variant and a 
plasma cell variant, but HHV-8 is only strongly associated with the plasma cell form. 
Several reports have confirmed the importance of IL-6 in the pathogenesis of MCD. It 
has been demonstrated that higher levels of human IL-6 can be found in the blood of 
patients with AIDS-related MCD and can be correlated with symptoms of exacerbated 
disease and HHV-8 viral load (85). The viral IL-6 homologue is also found at high lev- 
els in MCD lesions as shown by immunohistochemistry and RT-PCR (86). Eurthermore, 
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like the cellular IL-6, vIL-6 has also been found in the serum of an AIDS-MCD patient, 
could he correlated with HHV-8 viral load, and decreased with the implementation of 
Foscamet treatment (87). It follows that anti-IL-6 therapy should he of use in the treat- 
ment of MCD, hut so far reports are conflicting and it appears that treatment may work 
in some hut not all cases (88-90). Alternatively, treatment involving IFN-a appears to 
have a strong effect on alleviation of MCD, likely through its antiviral activity, and it 
currently a mainstay of treatment for the disease (91-93). 

3.2. Virally Encoded Genes 

3 . 2 . 1 . Viral IL-6 (vIL-6) 

Human IL-6 is a key inflammatory, acute phase response cytokine. It hinds to the hIL-6 
binding receptor (IL-6Ra/gp80), producing a low affinity complex which then associates 
with the IL-6 signaling receptor, gpI30. The binding of gpI30 (by the IL-6/gp-80 com- 
plex) results in the triggering of an intracellular signaling cascade that includes activa- 
tion of the JAK/STAT3 pathway as well as activation of the MAPK pathway (for review 
see ref. 94). Binding of hIL-6 to the gp80 receptor alone does not result in further signal- 
ing and the hIL-6 protein does not bind directly to the gpI30 receptor. Thus, both the 
gp80 and gpI30 receptors are necessary and important in hIL-6 signaling. 

HHV-8 encodes a homologue for IL-6, vIL-6, which is encoded by open reading 
frame (ORF) K2. The protein has 204 amino acids with a predicted size of 23.4 kDa and 
shares 24.7% identity with the hIL-6 and 24.9% identity with mIL-6 (95). Comparison 
of the predicted amino acid sequences of vIL-6 and hIL-6 and mIL-6 shows strong 
homology to the region of the IL-6 protein involved in receptor binding (95). The vIL-6 
protein has been shown to be capable of supporting the growth of an IL-6 dependent 
hybridoma cell line, B9 (96) and capable of binding to the gp80 receptor, activating the 
IL-6 signaling cascade. It has been reported that vIL-6 can stimulate all of the known 
hIL-6-induced signaling pathways (97). Interestingly, the vIL-6 protein can also bind to 
the gpI30 homodimer, in the absence of gp80, resulting in downstream signaling (98). 
The affinity of vIL-6 to the IL-6 receptors appears to be lower than hIL-6. Nonetheless, 
the ability of the vIL-6 protein to bind directly to gpI30 indicates that the viral protein 
can initiate IL-6 signaling without binding to the gp80 receptor. This would permit 
the vIL-6 protein to trigger signaling in a larger variety of cell types (including those 
that do not express the gp80 receptor, but do express gpI30). In addition, the ability of 
vIL-6 to bind directly to gpI30 would also result in continued signaling of the IL-6 
pathways even if the cell attempts to shut down these pathways by down-regulation of 
gp80 expression (99). 

Constitutive expression of the vIL-6 protein in a mouse model has been shown to 
result in hematopoiesis, plasmacytosis and angiogenesis (100). This study suggests that 
expression of vIL-6 is important for any tumorigenic effects. However, analysis of PEL 
and MCD cells as well as KS sections has indicated that vIL-6 can be detected in PEL 
and MCD cells but rarely in KS sections (86,101). Thus a role for vIL-6 in B-cell lym- 
phomas such as PEL and MCD is apparent, while a role in KS is less clear. 

3.2.2. Viral G-Protein- Coupled Receptor (vGPCR) 

ORE 74 of HHV-8 encodes a protein which homology to the cellular chemokine, IE-8 
receptor (IE-8R), a member of a family of G-protein coupled receptors. As a result, 
ORE74 is often termed the viral G-protein coupled receptor (vGPCR). The vGPCR 
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protein expresses constitutive signaling in the absence of ligand binding and this signal- 
ing has been shown to induce the production of several cytokines and chemokines. For 
example, expression of vGPCR has been shown to induce VEGF and an angioprolifer- 
ative disease similar to KS in transgenic mice or nude mice injected with vGPCR- 
expressing NIH3T3 cells (102,103). In addition, it’s expression induces the production 
of several pro-inflammatory cytokines and chemokines such IL-6, Groa, MIP-la and 
MIP-1(3 (104). Furthermore, depending on the cell type, transfection of a vGPCR 
expressing plasmid has resulted in the production of IL-2, IL-4, IL-8, IL-1[3, TNF-a, 
bFGF and MCP-1 (105-107). This constitutive downstream signaling is mediated by 
the last five amino acids in the protein’s cytoplasmic tail and activates the inositol phos- 
phate phospholipase C pathways and the mitogen-activated protein (MAP) kinases/p38 
and JNK/SAP (105,108). The constitutive signaling by vGPCR, its ability to increase 
angiogenesis in vivo, and knowledge that it is expressed in KS lesions at very low lev- 
els, has lead the suggestion that it acts through a paracrine model for HHV-8-induced 
pathogenesis and carcinogenesis (109). 

3.2.3. Viral Interferon Regulatory Factors (vIRF) 

HHV-8 encodes three proteins with homology to cellular interferon regulatory fac- 
tors (IRF). vIRF-1 (ORF K9), -2 (ORF Kll.l), and -3 (ORF 10.5/6, also called LANA- 
2), each functioning at different stages of interferon regulation. vIRF-1 inhibits 
transcription of genes regulated by both type I and type II interferons (110)\ (111), par- 
ticularly, those regulated by hIRF-1 (112,113), and contributes to the transformation of 
cells. These studies have also shown that vIRF-1 does not bind DNA or IRF-1 directly, 
nor does it compete with hIRF-1 for binding of interferon consensus sequences. 
Furthermore, vIRF-1 is expressed primarily in B-cells as opposed to KS cells, and 
represses the antiviral activity of interferons in these cells. It has recently been shown 
that vIRF-1 interacts with retinoid-IFN-induced mortality 19 (GRIM19), both in vivo 
and in vitro, via its N-terminal region and downregulates GRIM19-induced cell death 
in the presence of IFN (114). vIRF-1 also inhibits CD95L mediated activation induced 
cell death via hIRF-1, and to a lesser extent, that of TCR/CD3 activation (115). 

vIRF-2 is constitutively expressed at low levels in the nuclei of PEL-derived cell lines 
and recombinant protein has been shown to bind to NEkB binding sites. The protein 
interacts with hIRE-1 and hIRE-2, and the transcriptional proteins RelA and p300, but 
not hIRE-3, and as a result, can inhibit the transcriptional activation of the lEN-a pro- 
moter and RelA stimulated activity of the HIV ETR (116). vIRE-2 also interacts with 
double- stranded RNA-activated protein kinase (PKR) to prevent autophosphoylation, 
and as a result downmodulates interferon-mediated antiviral effects (117). 

vIRE-3 (also termed EANA-2) is the most recently identified IRE in the HHV-8 
genome, is latently expressed in the nucleus, and can be upregulated with TEA treat- 
ment. The protein shares homology to hIRE-4 and vIRE-2, and appears to inhibit the 
activities of hIRE-3 and -7 through direct interaction and the transcriptional activity of 
the lEN-a promoter, which prevents the production of interferons (118,119). 

4. SUMMARY 

In summary, it appears that cytokines can contribute to the oncogenic nature of 
herpesviruses by influencing the proliferation of infected cells, suppressing cellular 
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antiviral tactics and inhibiting apoptosis. In support of this, the human gamma- 
herpesviruses EBV and HHV-8, have evolutionarily captured cellular genes that add to 
their ability to subvert the immune response and use it for its own survival. Recent work 
in these fields also suggest that targeting of some of the viral or cellular cytokines may 
be advantageous in the treatment of herpesvirus-related cancers. 
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1. INTRODUCTION 

Tumor necrosis factor a (TNF) is a potent, pleiotropic, proinflammatory cytokine that is 
produced by macrophages, neutrophils, fibroblasts, keratinocytes, NK, T- and B-cells and 
also by tumor cells. TNF binds to either of two receptors, TNF-Rl or TNF-R2, expressed 
on virtually all mammalian cell types. TNF was named because of its ability, when admin- 
istered in pharmacologic doses, to cause necrosis of tumors in experimental models. 
Recombinant TNF is approved in Europe to be given locoregionally as a therapy for sar- 
coma. TNF produced by the body mediates host responses in acute and chronic inflamma- 
tory conditions and aids in host protection from infection and malignancy. The biology of 
the TNF/TNF-receptor system was reviewed by Palladino et al. 2003 ( 1 ). 

Emerging evidence suggests that the effects of endogenously produced TNE in cancer 
pathophysiology may be contrary to those observed with high-dose pharmacologic TNE 
therapy. The paradox that this cytokine can act as both a “tumor necrosis factor” and a 
“tumor promoting factor” is lucidly explored by Bafkwill (2). In contrast to causing tumor 
regression, TNE can also mediate tumor progression by causing the proliferation, inva- 
sion, and metastasis of tumor cells. Recent studies now support the notion that TNE 
secreted by tumors can actually promote tumor growth. This apparent conflict concerning 
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the role of TNF in cancer perhaps can he explained hy the differences in the levels of TNF 
in distinct settings. When TNF is administered therapeutically in extremely high, pharma- 
cologic doses it can act as a vasculotoxic, tumor-regressing agent. In contrast, when TNF 
is produced hy tumors and tumor-associated macrophages, the resulting lower concentra- 
tions of TNF can promote tumor progression hy a variety of mechanisms that are only 
now beginning to he elucidated. This chapter will explore these various aspects of TNF 
biology as they relate to both the pathogenesis and therapy of cancer. 

2. THE BIOLOGY OF TNF 

The original endotoxin-induced serum factor described by Old and colleagues demon- 
strated a remarkable ability to lyse specific murine tumor cells and this biologic activity 
provided the name for this protein — tumor necrosis factor, or TNF ( 3 ). Only in 1984, 
when the gene for TNF was cloned and recombinant protein was obtained, did numerous 
additional biologic functions become apparent ( 4 ). In addition to triggering apoptosis of 
certain tumor cells, TNF was shown to mediate the inflammatory response and modulate 
immune function. Eventually, TNF and its two receptors, TNF-Rl (also known as p55 or 
CD120a) and TNF-R2 (p75 or CD120b), were recognized as the prototypes for the TNF 
superfamily of cytokines and their receptors ( 5 ), which were capable of controlling cell 
differentiation, proliferation, and apoptosis necessary to control mammalian development, 
in particular immune function and hematopoeisis. In contrast to the normal functions of 
TNF, uncontrolled excessive production of TNF can lead to chronic disease ( 6 ). 

TNF is produced predominantly by macrophages upon lipopolysaccharide interaction 
with CD 14 and the toll-like receptor 4 as part of the adaptive immune response ( 7 ), as 
well as by T-cells, B-cells, NK cells, and granulocytes. Expressed on the cell surface as 
a 26-kDa type II membrane protein, three subunits self-associate to form a homotrimer 
that is eventually released as a soluble TNE homotrimer following proteolytic cleavage 
by TNE converting enzyme (TACE; also known as ADAM- 17) ( 8 , 9 ). The homotrimer is 
the bioactive form of both soluble and transmembrane TNE ( 10 , 11 ). Eigure 1 shows 
schematically the synthesis of TNE and the signals generated when the TNE-Rl and 
TNE-R2 receptors are engaged. 

The extracellular domains of the TNE receptors show significant homology that 
allows both receptors to bind in the groove at the interface between TNE subunits. Hence 
when two or three receptors engage the three available binding sites on the TNE trimer, 
clustering of the receptor cytoplasmic domains initiates signaling. The existence of two 
receptors contributes significantly to the diversity of activities shown by TNE owing to 
their different tissue distribution and to their distinctly different modes of signaling fol- 
lowing activation. Although TNE-Rl is constitutively expressed on virtually all enucle- 
ated cells, expression of TNE-R2 is limited to immune cells and endothelial cells ( 5 ). 

Early studies suggested that most of the activities attributed to TNE were mediated by 
TNE-Rl, as it was shown to have a significantly higher affinity for soluble TNE than 
TNE-R2 ( 12 ). The on/off kinetics of TNE binding to TNE-R2 even suggested that on 
cells expressing both receptors, TNE-R2 transiently bound TNE and then passed the lig- 
and to the TNE-Rl receptor for signaling ( 13 ). TNE-R2 does appear to have specific sig- 
naling functions in T-cells that lack the TNE-Rl receptor ( 14 ). Another difference 
between the two receptors is the presence of a death domain on the cytoplasmic portion 
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Cell producing TNF 




Fig. 1. Model demonstrating the multiple ways in which TNF can activate potential target cells. TNF 
can be presented as transmembrane TNF, which favors binding to TNF-R2, or it can be released as 
soluble TNF by TACE, which favors engagement of TNF-Rl. TNF-R2 lacks a death domain and 
thus signaling is limited to activation of transcription factors in the NF-kB and AP-1 pathways that 
activate genes favoring inflammation, cell survival and proliferation. NF-kB also induces genes 
known to block apoptosis. Activation of TNF-Rl can lead to either apoptosis or NF-kB/AP- 1 activation 
depending upon the presence of appropriate accessory proteins. It has been reported that the 
TNF/TNF-Rl complex must be internalized to signal apoptosis, a mechanism that might preclude 
signaling of apoptosis by transmembrane TNF. 



of TNF-Rl that is not found on TNF-R2. After TNF binding, signaling through TNF-Rl 
proceeds by recruitment of the TNF-receptor associated death domain (TRADD), the 
receptor-interacting protein (RIP) and TNF-R-associated factor 2 (TRAF2) to the cyto- 
plasmic portion of TNF-Rl. At this point, the presence in the cell of various accessory 
proteins determines whether signaling will lead to apoptosis or inhibition of apoptosis. 
Further recruitment of the Fas-associated death domain (FADD) leads to the binding and 
activation of procaspase 8, which in turn activates caspase 3 to induce apoptosis ( 15 ). 
Alternatively, TRAF2 can recruit cellular inhibitors of apoptosis (cIAP-1 and cIAP-2) 
and activate signaling pathways leading to nuclear translocation of the anti-apoptotic 
NF-kB and activating protein-1 (AP-1) transcription factors, which upregulate genes 
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necessary to increase inflammation and cell proliferation as well as block apoptosis ( 16 ). 
Although TNF-R2 lacks the death domain and therefore cannot trigger apoptosis, it can 
still recruit TRAF2 and activate the NF-kB and AP- 1 pathways. The path that a given cell 
takes is thus dependent on which receptor(s) is present and the constellation of other 
accessory proteins present owing to tissue specific gene expression patterns or the muta- 
tional status of the cell. 

Several lahs have reported that internalization of the TNF/TNF-Rl signaling complex 
is necessary for activation of apoptosis ( 17 , 18 ) whereas the clustering of the TNF/TNF-Rl 
signaling complex in lipid rafts results in the activation of the NF-kB and AP-1 pathways 
( 19 ). This means of regulating the decision between cell death or cell survival could in 
part be controlled by the form of TNF encountered by the cell. As noted above, the bind- 
ing of soluble TNF is favored by TNF-Rl and therefore could signal either direction. 
However, the binding of transmembrane TNF to TNF-R2 would result in a complex that 
would not be able to internalize, and therefore would be unable to signal cell death. 

2.1. TNF as a Therapy for Cancer 

Systemically administered TNF was evaluated in the clinic in the 1980s as a therapy 
for solid tumors (reviewed in Lejeune 1998 [ 20 ]) and found to have severe toxicities, 
most notably hypotension and organ failure. These studies revealed that the maximally 
tolerated dose of TNF was significantly lower than that required to see antitumor effects 
in rodents. The delivery of locally high levels of TNF, without systemic exposure, is 
now accomplished by the technique of isolated limb perfusion where the circulation of 
the limb is surgically connected to a bypass circuit into which drugs are administered. 
Leakage into the systemic circulation is carefully monitored. After rinsing, the vessels 
are reattached. Isolated limb perfusion with TNF in combination with chemotherapy is 
currently approved in Europe for the treatment of locally advanced, unresectable, soft- 
tissue sarcomas and the clinical studies of isolated limb perfusion with TNF are sum- 
marized in Eggermont et al. 2003 ( 21 ). Positive clinical data have been reported with 
this technique for TNE delivery for in-transit melanoma and drug-resistant bony sarco- 
mas ( 21 ). Although effective, this procedure is highly specialized and not widely used. 
The mechanism of action of TNE in this setting is believed to involve direct toxic effects 
on newly formed blood vessels supplying the tumor without affecting the normal vas- 
culature. TNE causes vessel regression as well as hemorrhagic necrosis, as the apoptotic 
cells comprising the endothelium become procoagulant. The specific effect of TNE on 
angiogenic and not normal vasculature has been suggested from in vitro and in vivo 
studies to be caused by the deactivation of the angiogenesis-associated integrin av(33 by 
TNE in combination with interferon (lEN)y leading to endothelial apoptosis ( 22 ). TNE 
also causes enhanced vascular permeability, facilitating the uptake and accumulation of 
chemotherapeutic drugs such as melphalan and doxorubicin (21) as well as antibodies 

( 23 ) . TNE alone is not effective when administered via isolated limb perfusion, suggest- 
ing that enhancement of drug exposure is the primary mechanism of action. An et al. 

( 24 ) reported potent synergistic anticancer effects in vitro using the proteasome 
inhibitor bortezomib in combination with apoptotic stimuli such as TNE and tumor 
necrosis factor-related ligand (TRAIE). Bortezomib synergized with TNE and TRAIE 
to inhibit growth of prostate cancer cells but did not synergize with any of three selected 
cytotoxic chemotherapy agents. Noting the systemic toxicity of TNE compared to safe 
delivery of TRAI L to animals, it is warranted to test bortezomib plus TRAIL in vivo. 
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2.2. Targeted Delivery of TNF 

A range of additional approaches are being undertaken to deliver therapeutic TNF 
specifically to tumors to avoid systemic toxicities. TNFerade is a gene therapy agent in 
clinical trials that is administered intratumorally. The TNF gene is controlled by a 
radiation-inducible promoter and is delivered via an adenoviral vector. TNFerade has 
been administered safely in a phase I trial ( 25 ). Very low amounts of systemically admin- 
istered TNF conjugated to peptides that bind angiogenic vessel targets aminopeptidase N 
(CD13) ( 26 ) or av integrins ( 27 ) increase the penetration of doxorubicin and melphalan 
in tumor. This effect is observed in the absence of toxicity. TNF has also been fused 
with single-chain antibody fragments that bind angiogenic targets ( 28 ). 

3. ROLE OF TNF IN TUMOR METASTASIS AND ANGIOGENESIS 

TNF may promote cancer progression by a variety of mechanisms, including media- 
tion of tumor metastasis and angiogenesis. Several studies have demonstrated that TNF 
can promote metastatic behavior in cancer cells via diverse mechanisms. In in vitro assays 
TNF promotes melanoma cell migration and invasion, apparently due to the induction of 
cellular protease activity ( 29 ). Breast cancer cells that are cultured in the presence of 
macrophages exhibit increased invasiveness owing to the presence of macrophage pro- 
duced TNF ( 30 ). Inhibitors of matrix metalloproteases or inhibition of TNF activity with 
neutralizing antibodies prevented the increased invasiveness, suggesting a model in which 
macrophage-produced TNF induces the production of proteases by tumor or stromal cells 
to promote metastasis. Interestingly, primary nontransformed breast epithelial cells did 
not respond to the same stimuli with an increase in invasive behavior. TNF has also been 
shown to promote metastasis of xenografted human gastric cancer cells in a mouse model 
through an unusual mechanism. The mesothelial cells lining the abdominal wall are rela- 
tively resistant to the adhesion and invasion of cancer cells. In this animal model TNF 
affects the mesothelial cells and triggers cytoskeletal changes that result in a loss of inter- 
cellular contact in the monolayer lining, exposing the underlying extracellular matrix. 
These exposed areas then allow the adherence of sloughed tumor cells and serve as foci 
for new metastatic growth on the abdominal wall ( 31 ). 

The effects of TNF on tumor angiogenesis appear to be complex and at times contra- 
dictory. TNF inhibits endothelial cell growth in vitro, yet it stimulates angiogenesis in 
a rabbit cornea model ( 32 ). Fajardo et al. ( 33 ) demonstrated in mice that low doses of 
TNF induced angiogenesis in subcutaneously implanted pellets but that higher dose 
levels inhibited angiogenesis in the same assay. As with direct effects on tumor cells, it 
may be that the lower physiologic, and even patho-physiologic, concentrations of TNF 
produced locally in tumors support angiogenesis and tumor growth rather than suppress 
it. Additional experimentation is necessary to resolve this issue. 

4. GEINIGAE OBSERVATIONS AND ASSOGIATIONS 
IMPEIGATING TNF IN GANGER PROGRESSION 

As reviewed by Szlosarek and Balkwill ( 34 ), much evidence from animal and in vitro 
experimentation supports the mechanistic connections between chronic inflammatory stim- 
ulation involving TNF and subsequent initiation or eventual promotion of malignancy. 
Chronic, dysregulated (nonself-limited) inflammation seems to provoke compensatory 
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cellular over-replication, with increased chances for replication errors. Mutagenesis, neo- 
plastic growth, invasion, and metastasis involve TNF mediated production of nitric oxide, 
induction of angiogenic factors and matrix metalloproteinases (MMPs), modulation of 
chemokines and chemokine receptors controlling leukocyte infiltration of tumors, loss of 
hormonal responsiveness, and acquired resistance to cytotoxic chemotherapy. Similarly, in 
his review of cytokines in the pathogenesis and treatment of cancer, Dranoff ( 35 ) describes 
evidence that chemical carcinogens, immunodeficiency, chronic infection, and chronic 
inflammation all have been causally associated with tumorigenesis mediated by overpro- 
duction of cytokine growth factors. These imbalances and disease effects arise when 
cytokine function that is normally adaptive for response to mild injury induced by carcino- 
gens, pathogens, or environmental antigens is insufficient to limit cellular stress and the 
resultant cellular damage. The chronic inflammatory stimulation does not lead to repair, but 
instead leads to persistent and eventually dysregulated cellular function. 

Several reports in the older literature have associated detection of abnormally high 
levels of circulating TNF in cancer patients with a wide range of tumor types ( 36 ) 
including pancreatic ( 37 ), kidney ( 38 ), breast ( 39 ), lung (asbestosis-induced) ( 40 ), and 
prostate cancers ( 41 , 42 ). Within groups of patients with the same tumor type, higher 
levels of TNF have been correlated with tumor stage, extent of paraneoplastic compli- 
cations (such as the anorexia-cachexia syndrome), and shorter survival time. However, 
circulating TNF is not always detectable in cancer patients and may vary within indi- 
vidual patients over time and course of disease ( 43 ). Indeed, tumor tissue levels may be 
more relevant than blood levels of TNF and its receptors in explaining protumorigenic 
associations such as those reported in head/neck squamous cell carcinoma ( 44 ). 
Notably, significantly elevated preoperative TNF mRNA transcripts in pancreatic can- 
cer patients were reduced after tumor resection to levels similar to controls ( 45 ). 

Upregulated expression of TNF mRNA was not found in fresh pleural effusion sam- 
ples or tumor samples from patients with nonsmall cell lung cancer (NSCLC), but 
expression of interleukin (IL)-4, IL-10, transforming growth factor (TGF)a and TGF-(3l 
were upregulated, suggesting an immunosuppressive state of the cancer microenvi- 
ronment that facilitated escape from immunologic surveillance ( 46 ). This supports an 
earlier study by Boldrini et al. ( 47 ) that reported expression of TNF and TGF-(3 mRNA 
in approximately half of 61 NSCLC tumor samples; TNF-Rl and TNF-R2 were PGR 
positive in a higher percentage. TNF levels correlated with lower microvessel count, 
high bcl-2 protein expression, and a better prognosis. The investigators suggest that the 
favorable association of positive TNF with clinical outcome could be related to inhibi- 
tion of neovascular development, mediated by bcl-2. 

That result contrasts with the results reported by Wang et al. ( 48 ). Elevated TNF was 
associated with disease severity and poor nutritional status; serum TNF correlated neg- 
atively with body fat mass and serum albumin. In 31 patients with hepatocellular carci- 
noma and 26 patients with cirrhosis, TNF levels in serum were significantly higher than 
in controls. However, elevated serum TNF in cirrhosis limits the use of this cytokine as 
an early marker of liver cancer. 

In a prospective study of 80 patients with prostate cancer (localized or metastatic), 
but no evidence of active infection or inflammatory disease, serum levels of both IL-6 
and TNF correlated directly with the extent of malignant disease. Both cytokines 
became elevated at the point of prostate-specific-antigen progression. IL-6 and TNF 
may prove valuable as prognostic markers for prostate cancer. There was a significantly 
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greater elevation of TNF in patients with metastatic cancer compared to the level in 
patients with localized disease and in controls. The authors caution that association does 
not prove causality; studies that target these specific cytokines should determine if they 
contribute to malignant progression (49) and are reviewed in Chapter 23. 

TNF has also been investigated extensively for genetic variation. Associations have 
been reported between malignancy and TNF polymorphisms in non-Hodgkin’s lym- 
phoma, myeloma, and prostate carcinoma. Similar associations were found between 
TNF microsatellites and colorectal carcinoma and also laryngeal carcinoma. Chronic 
inflammation of the bladder is a well-recognized risk factor for bladder cancer and 
inflammation associated with superficial bladder cancer is common; the importance of 
TNF in the pathogenesis of bladder cancer suggested that variation in the gene for TNF 
might affect its course. Marsh et al. (50) reported a significant association of TNF poly- 
morphisms TNF-I-488A and TNF-859T and increased risk of bladder cancer, phenotype 
of the cancer, and subsequent tumor behavior. The investigators also found strong 
linkage disequilibrium between these two sites in bladder cancer patients, normal con- 
trols and melanoma patients. This study reported a significant association of these 
polymorphisms with grade of tumor at presentation; when TNF-f488A or TNF-859T 
was present, generally, the tumors were less well differentiated. Notably, there was no 
association of the TNF-I-488A or TNF-859T polymorphisms with recurrence or progres- 
sion, suggesting that other factors, such as oncogene upregulation, may be needed for 
progression. The polymorphism at position TNF-l-488 has also been associated with 
prostate cancer. 

5. CLINICAL CANCER MODELS IMPLICATING 
TNF IN CANCER PROGRESSION 

Do the pathophysiologic mechanisms of endometriosis and ovarian cancer character- 
ize the same pathways along a continuum of malignant transformation and tumor 
promotion? Serum TNF has been reported, in a study of 77 women, to be associated sig- 
nificantly with endometriomas and ovarian cancer, but not with benign tumors (51). 
Ness reviewed several inflammatory conditions associated with endometriosis and ovar- 
ian cancer including exposure to various exogenous irritants and also ovulation itself 
(52). All were accompanied by cell proliferation, oxidative stress, vascular permeability, 
elevated prostaglandins, leukotrienes, and cytokines including TNF, IL-6 and IL-1. 
mRNA for these cytokines was found in epithelial ovarian tumors and its related ascites. 
TNF was also found consistently in the peritoneal fluid around endometrial foci. These 
cytokines attract platelets and macrophages that then secrete vascular endothelial 
growth factor (VEGF), MMP-9, and TGF-(3, all of which promote infiltration of ectopic 
endometrium and/or invasion and metastasis of ovarian tumors. The invasive tissue of 
endometriosis is surrounded by an immune response ineffective in clearing it, just as 
ovarian tumors are surrounded by inflammatory cells that seem impotent against the 
neoplasia (52). The host immune environment linked to mutagenesis involves a predomi- 
nance of T-helper cell type 2 (TH2) cytokines over THl cytokines; although endometrio- 
sis and ovarian cancer generate THl predominance, chronic inflammation may invoke a 
switch from THl -dominant to an eventual TH2 -dominant microenvironment. In both dis- 
ease states, progression may be modified by immune suppression suggesting a role for 
anti-inflammatory agents to treat endometriosis and potentially prevent ovarian cancer. 
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Esophageal metaplasia (Barrett esophagus; BM) is found in the setting of chronic 
inflammation and is a lesion often noted in progression through dysplasia to adenocarci- 
noma (Barrett adenocarcinoma; BA). Does its pathophysiology also involve TNF? This 
was thoroughly and elegantly studied in an in vitro model hy Tselepsis et al. (53). The 
investigators showed in BA and BM that there is reduced expression of the cell adhesion 
molecule and tumor suppressor E-cadherin, resulting in decreased degradation of cyto- 
plasmic/nuclear (3-catenin. The latter protein activates transcription of oncogenes (e.g., 
c-myc and cyclin Dl) hy complexing with T-cell factors. Thus aherrant degradation of 
(3-catenin can increase oncogene activation. Knowing that TNF can downregulate expres- 
sion of E-cadherin, the investigators found that TNF induces c-myc via (3-catenin medi- 
ated transcription in a mitogen activated protein kinase- (MAPK) dependent manner and 
independent of NF-kB activation. Epithelial TNF expression was absent in normal gastric 
and esophageal squamous mucosa, hut increased stepwise from metaplasia through dys- 
plasia to carcinoma. The chronic inflammation in nondysplastic BM had elevated TNF 
immunoreactivity, with the increase localized to mucosal regions of prominent lymphoid 
infiltrate, notably where metaplastic stem cells are located. Within individual glands, the 
most dysplastic cells expressed TNF, and TNF-Rl levels increased in abundance during 
disease progression, potentially amplifying the TNF signal. This study demonstrated a 
novel signaling pathway for oncogene activation by an inflammatory cytokine. 

Japanese researchers reported evidence suggesting that TNF may be a tumor pro- 
moter in three premalignant, clinical disease settings (54). Noting that lung cancer 
occurs in populations with a history of pulmonary tuberculosis at rates 5-10 times 
higher than in a normal population, the researchers found that mycoloyl glycolipids (a 
cord factor) from Mycobacterium tuberculosis injected into mice activated protein 
kinase C and increased TNF in serum and especially in lung tissue. Similarly, a cord 
factor from Microsporum canis increased TNF in the murine model, suggesting a mech- 
anistic link between this prevalent fungus, endemic chronic bronchitis, and an unusu- 
ally high incidence of lung cancer in Northern Thai women. In the third setting, gene 
products from Helicobacter pylori transfected into clonal cell lines induced TNF 
expression, and the cells rapidly produced tumors when transplanted subcutaneously in 
nude mice in the presence of v-H-ra^ gene initiation. Given that overexpression of H-K 
and N-ras gene mutations are found often in human gastric cancer, the association with 
H. py/on-induced TNF implies tumor promotion, or at least argues against antitumor 
effects of this cytokine in this context. 

6. ANTI-TNF THERAPY IN CANCER 

Supporting an approach that contrasts with the use of pharmacologic doses of TNF as 
antitumor therapy in combination with cytotoxic chemotherapeutic agents, evidence from 
animal models and the clinic increasingly point toward the use of anti-TNF therapies to 
treat cancer or its symptoms. Some of the most detailed work regarding the role of TNF 
as a tumor promoter was published in a series of papers from the laboratory of Fran 
Balkwill (55-57). The authors used the induction of skin tumors in mice as a model sys- 
tem to dissect the contribution of TNF and its signaling pathways to skin tumor initiation. 
In this system 9, 10-dimethyl- 1,2-benzanthracene (DMBA) is used as a topical DNA- 
damaging tumor inducer followed by the application of 12-0-tetradecanoylphorbol-13- 
acetate (TPA) as a tumor promoter. TNF was first implicated in tumor growth in this 
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model by the observation that TNF knockout mice are highly resistant to the generation 
of skin tumors by this method. The presence of functional TNF has no effect on DNA 
mutation rates and therefore tumor initiation, but rather profoundly influences tumor pro- 
motion. TPA was shown to induce TNF in skin keratinocytes from wild-type mice. 
Activation of the AP-1 transcription factor pathway (due primarily to effects on the c-jun 
component) and the subsequent expression of AP- 1 induced genes such as granulocyte- 
macrophage colony-stimulating factor (GM-CSF), MMP-3, and MMP-9 is important for 
the tumor promoting effect. Both TNF-Rl and TNF-R2 were shown to be critical for opti- 
mal skin tumor formation, with TNF-Rl contributing most to the effect. Similar TNF anti- 
tumor effects were observed following pharmacological intervention with a neutralizing 
anti-mouse TNF antibody. The potential role of TNF in the growth of human skin cancers, 
initiated largely by UV radiation, will be an important area for future investigation. 

Increasing clinical evidence also suggests that TNF is an important anticancer target. 
Tsimberidou et al reviewed potential clinical indications for agents that block or inacti- 
vate TNF, specifically the soluble TNF receptor fusion protein, etanercept, and the anti- 
TNF monoclonal antibody (mAh) infliximab, with focus on the functions of TNF in 
multiple myeloma (MM), myelodysplastic syndrome (MDS), acute myelogenous 
leukemia (AML), and myelofibrosis (58). The authors report evidence of limited thera- 
peutic activity of monotherapy with anti-TNF molecules but advise on the need to opti- 
mize dose and schedule, to combine the anticytokine agent with other active biologic or 
cytotoxic agents and to better understand individual cancer patient proteomic patterns 
of disease and gene polymorphisms (profiling) that could predict response to blockade 
or neutralization of TNF (59). 

It is known that in addition to monocytes and macrophages, TNF is produced by stim- 
ulated T-, B-, and large granular lymphocytes. In chronic lymphocytic leukemia (CLL), 
neoplastic lymphocytes release TNF spontaneously in vitro, and leukemic lympho- 
cytes are more proliferative and more viable when exposed in vitro to TNF. Is TNF a 
pro-leukemic cytokine? The prognostic and clinical significance of TNF was evaluated 
in 150 consecutive patients with CLL (60). The mean plasma concentration of TNF 
(16.4 pg/mL) was significantly higher than the mean in 20 hematologically normal sub- 
jects (8.7 pg/mL; P < 0.0001). The results showed correlation of TNF with extent of dis- 
ease, with serum ^2 microglobulin (P 2 -M), and with low hemoglobin and low platelets. 
There was significantly higher TNF in patients with chromosomal abnormalities. 
Moreover, the TNF level was predictive of survival in a Cox multivariate analysis, inde- 
pendent of staging, P 2 -M, hemoglobin (Hgb), white blood cell (WBC), and platelet count. 
Such association is provocative of the idea that inhibition of TNF could be of therapeutic 
value in CLL, potentially by blocking both a growth signal to the leukemic clone and a 
suppressive effect on other hematopoietic lineages. 

Similar rationale underlies the evaluation of anti-TNF agents to inhibit the excessive 
apoptosis in hematopoietic cells suspected as the cause of cytopenias in MDS. The 
pathognomonic, hyperproliferative marrow of MDS, with excessive apoptosis and over- 
expression of TNF, compels intervention to modulate the dysregulated cytokine milieu 
in the hematopoietic tissues. In a short report (61), Italian investigators described two 
cases of low/intermediate -risk MDS treated with infliximab. Both patients achieved sus- 
tained peripheral erythroid responses along with marrow response of increased ery- 
throid progenitor cell by BFU-E assay and a clear decrease in the percentage of CD34-I- 
cells expressing the apoptosis marker annexin V. 
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In a separate study, infliximab was given to 37 low-risk (international prognostic symp- 
tom score [IPSS] <1.0) MDS patients, 17 with normal karyotypes. Therapy was well tol- 
erated and the side effects included slight myelosuppression, and moderate infusion 
reactions. Of 28 evaluable patients, 8 (29%) patients showed a partial response, including 
one patient with a trilineage response, one with a bilineage response, two with >100% 
increase in absolute neutrophil count (ANC), one with >1 Gm/dL increase in hemoglobin, 
one with decrease in bone marrow blasts from 7 to 1 % changing the MDS classification 
(FAB) from refractory anemia with excess blasts (RAEB) to refractory anemia with 
ringed sideroblasts (RARS). Two patients had minor cytogenetic responses (one had 
>50% reduction in trisomy 8 cells and the other in 20q- cells) ( 62 ). The pluripotent activ- 
ity of TNF is implicated again by the variety of modulatory effects achieved by blocking 
TNF with the mAh, and suggests that the microenvironment of the marrow is more 
directly affected than are the dysplastic hematopoietic cells. A logical next evaluation 
could be use of a specific anti-TNF agent to modulate cell-cell signaling and stromal 
interactions in the marrow, combined with a cytotoxic agent known to be active against 
the clonal myelodysplastic cells. 

Evidence supporting the use of anti-TNE regimens for the treatment of solid tumors 
is mounting as well. Eor example, immunotherapy using agents such as interferon a and 
IE-2 are the standard treatment options for patients with advanced renal cell carcinoma 
(RCC). However, these regimens have low response rates and cause considerable toxi- 
city, related in large part to the high levels TNE and IE-6 that are induced. Phase II tri- 
als have achieved promising results in patients with advanced RCC using thalidomide 
( 63 ), which has demonstrated apoptotic, immunomodulatory, and anti- angiogenic 
effects. Thalidomide inhibits TNE gene activation by decreasing NE-kB binding ( 64 ). 
On this basis, a single-arm, phase II study evaluated monotherapy with the anti-TNE 
mAh infliximab for advanced RCC in 19 patients who were refractory to prior treat- 
ments with IE-2, interferon and/or chemotherapy ( 65 ). The antibody treatments were 
well tolerated. Three confirmed responses on study were reported, including a patient 
with reduction in the size of metastatic hepatic lesions, and one additional late respon- 
der. Eurther investigations in RCC should determine if a dose-response relationship 
exists, if baseline characteristics (cytokine profiles or gene polymorphisms) can predict 
response to an anti-TNE antibody, and if responses correlate with prolonged survival 
time. Combination therapy with IE-2 and an anti-TNE agent might allow a patient to 
receive more IE-2 if the TNE-mediated toxicity is abrogated. Anti-TNE therapy is also 
reviewed in Chapter 23. 

7. POTENTIAL RISKS OF ANTI-TNF THERAPY 

Because of the adaptive, protective purpose of inflammation, pharmacologic inhibi- 
tion of this pro-inflammatory cytokine could have adverse effects in the host, unrelated 
to the target disease of the anti-TNF therapy. The risk of reactivation of latent tuber- 
culosis is addressed in the prescribing information for infliximab (REMICADE® 
[infliximab] package insert. Centocor, Inc, Malvern, PA: 2006.) Pre-emptive systemic 
antifungal therapy is recommended for patients receiving infliximab for treatment of 
graft-vs-host disease (GVHD) ( 66 ). Smith and Skelton reported cases of squamous cell 
carcinoma (SCC) that became evident and grew rapidly during an initial period of etan- 
ercept therapy for rheumatoid arthritis (RA) ( 67 ). The tumors may have been present 
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but occult and controlled before disruption of immunologic control. Etanercept could 
disable innate antitumor surveillance by blockade of both lympbotoxin a (TNF-(3), and 
cytotoxic effects of TNF and/or by inhibition of the Thl cytokine pattern and impair- 
ment of cytotoxic T-cells. All cases were in chronically UV-damaged, actinic skin pre- 
disposed to tumorigenesis by long-term, low level production of TNF. No new SCCs 
developed in patients who continued treatment for more than one year, suggesting pro- 
longed anti-TNF therapy could be preventive of cutaneous malignancies. 

Pharmacovigilance data on etanercept, infliximab, and adalimumab were reviewed by 
the FDA in 2003, with a focus on lymphoproliferative disease in patients treated with 
these anti-TNF agents, relative to the rate expected in populations with immune-mediated 
diseases ( 68 ). The potential role of TNF-blocking therapy in the development of malig- 
nancies is not known. A prospective study of 18,572 RA patients treated with anti-TNF 
therapy plus methotrexate reported an increased standard incidence ratio (SIR) compared 
to patients not receiving methotrexate or biologicals, but confidence intervals overlapped 
for all treatments ( 69 ). Patients with highly active disease and/or chronic exposure to 
immunosuppressant therapies may have several-fold higher risk for development of lym- 
phoma, thus caution should be exercised when considering anti-TNF agents in patients 
with a history of malignancy or who develop malignancy during treatment. 

The FDA reported on the risks of histoplasmosis ( 70 ), lymphoma ( 71 ), and/or listerio- 
sis ( 72 ). The Mayo clinic reviewed the safety of infliximab in 500 Crohn disease patients 
treated with infliximab ( 73 ). The biologic basis of concern warrants heightened vigilance 
and consideration of the benefit to risk ratio when prescribing anti-TNF therapies. 

8. SUPPORTIVE CARE 

In addition to approaches aimed at the tumor, anti-TNF therapies are increasingly being 
tested for supportive care indications. The range of potential indications in this area is 
extremely broad and diverse owing to the pleiotropism of TNF action and includes cancer 
associated depression, fatigue, cachexia, treatment of toxicides caused by chemotherapy 
and radiotherapy, treatment of metastatic bone pain, and GVHD ( 74 , 75 ). 

A wealth of evidence implicates TNF as a mediator of cachexia. In fact, before its 
purification and cloning TNF was termed “cachectin” when it was identified as the 
soluble factor responsible for severe wasting in rodent models of disease. TNF has also 
been shown to be important in these processes at the cellular and molecular levels both 
by increasing destructive proteolysis in mature skeletal muscle and by inhibiting the dif- 
ferentiation of myoblasts necessary for the repair of damaged or stressed muscle tissue 
( 76 ). Clinical trials are now testing the ability of anti-TNF agents such as infliximab to 
inhibit wasting in cancer patients ( 77 , 78 ) and are reviewed in Chapter 23. 

Cancer related pain remains a significant unmet medical need for too many patients. 
TNF appears to be important both for the pain signal itself in some situations and for the 
metastatic bone erosion that often underlies severe cancer pain. Past research has estab- 
lished that TNF stimulates osteoclastogenesis and osteoclast activation in a variety of 
immune mediated diseases and that TNF plays a role in tumor-induced osteolysis con- 
comitant with metastatic invasion of bone. This presents an obvious opportunity for clin- 
ical application of anti-TNF agents to attenuate tumor-induced destruction of bone and 
associated neuropathic pain. Tobinick reported two cases of intractable pain from spinal 
lesions, uncontrolled by narcotics, which were treated with etanercept. One case was 
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in cancer patients for ovarian cancer and refractory multiple 
myeloma. 

Pegylated anti-TNF antibody CDP-870 (Celltech) Under evaluation for Crohn’s disease (Phase III) and rheumatoid 

fragment arthritis (Phase III). 

DN-TNF inactive variant protein (Xencor) Preclinical 
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of metastatic lung cancer and the other was the result of metastatic mammary ductal 
carcinoma. Relief of pain was reported to have occurred rapidly (5 minutes-1 hour), was 
complete within 24 hours, and had not recurred after 5 months (till death), and 1 1 months 
follow-up, respectively. PET scan evidence in the second patient showed diminution of 
neoplastic activity and restricted invasion ( 79 ). Preliminary evidence such as this war- 
rants the conduct of phase II studies followed hy randomized, controlled, and blinded 
clinical trials to con fir m the benefits of anti-TNF therapy for the relief of pain caused by 
skeletal metastases. Additional preclinical studies will also be necessary to understand 
the detailed mechanisms by which TNF promotes neuropathic pain and bone destruction. 

Investigative and clinical uses of etanercept or infliximab in GVHD are based on the 
firmly established role of upregulated TNF as a critical effector cytokine in the multi- 
organ immunoreactivity to pretransplant conditioning regimens and/or allogeneic anti- 
gens ( 80 ). Infliximab has been reported by transplant clinicians/researchers to be 
effective in some cases when added to ongoing treatment of refractory acute and chronic 
GVHD in both adult and pediatric hematopoietic stem cell transplant patients ( 81 ). 
Added immunosuppression and risk of serious infections in these patients warrant vig- 
ilance when using anti-TNF agents in GVHD patients. Notably, no studies yet have elu- 
cidated an optimal dose and schedule of the anti-TNF mAh and its kinetics in GVHD 
patients, primarily because of especially high levels of TNF and often severe protein- 
losing enteropathy ( 82 , 83 ). 

TNF also appears to mediate many of the unwanted side effects of radiation therapy. 
Radiation induced production of TNF by tumor cells enhances the intended local pro- 
inflammatory effects of ionizing radiation, but also damages normal tissue. Cell lines 
derived from Ewing sarcoma were investigated in vitro as well as in vivo using established 
xenografts in mice, for production of TNF mRNA and protein in response to increasing 
doses of radiation. The induction of TNF was time and dose dependent; the expression of 
TNF from irradiated tumor cells was up to 2000 times higher than the maximal radiation 
induced release of TNF from normal lung tissue in pneumonic phase ( 84 ). The cytotoxi- 
city of the released cytokine was confirmed by a bioactivity assay in which all the activ- 
ity could be blocked by anti-TNF mAh. The clinical implication is that extremely high 
levels of TNF produced by irradiated tumor cells can damage neighboring healthy tissue, 
negating some of the value of the precision with which the radiation is delivered. 

The potential preventive and therapeutic effects of anti-TNF treatment have been 
evaluated in animal models of radiation toxicity and in the clinic. Pneumonitis limits 
radiation treatment of lung cancer; enteritis limits radiation treatment of rectal cancer; 
TNF is a key mediator of these iatrogenic inflammatory conditions. Pentoxifylline 
down-regulates TNF in response to noxious stimuli, inhibits granulocyte-mediated cyto- 
toxicity after exposure to TNF, and inhibits TNF production from alveolar 
macrophages. Rube et al. ( 85 ) showed a pronounced reduction in release of TNF mRNA 
and TNF protein in animals given pentoxifylline plus radiation compared to animals 
given radiation alone. 

Delanian et al. demonstrated in a randomized, double blind, placebo controlled clin- 
ical study that pentoxifylline plus vitamin E significantly reduced chronic and gradually 
worsening superficial dermal fibrosis caused by excessive external beam radiation or by 
interstitial hr achy therapy boost in the area of mammary tumor excision (S6). In a sepa- 
rate study of the effects of pentoxifylline on late, radiation-induced fibrosis (1-29 years 
post-treatment) patients receiving pentoxifylline demonstrated improved active and 
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passive range of motion (of limbs and spine), improved muscle strength and decreased 
limb edema and pain ( 87 ). These provocative studies strongly suggest that TNF plays a 
role in mediating radiation-induced fibrosis and that anti-TNF therapies may be effec- 
tive treatments for the prevention as well as reversal of fibrosis in this setting. 

9. CURRENT AND FUTURE TNF-RELATED THERAPIES 

The biologic anti-TNF therapies currently approved include etanercept, infliximab, 
and adalimumab (summarized in Table 1). While approvals are in chronic inflammatory 
diseases such as RA, Crohn’s disease, and psoriasis, these agents are being extensively 
tested in several areas of cancer therapy and supportive care. Etanercept is a fusion pro- 
tein consisting of the extracellular domain of TNF-R2 fused to immunoglobulin CFI2 and 
CFI3 constant domains, and hence it is capable of neutralizing both TNF and lympho- 
toxin. Both infliximab and the recently-approved adalimumab are monoclonal antibod- 
ies that neutralize only TNF and have no effect on lymphotoxin. In addition, several 
small molecule, oral TNF therapies are under development (reviewed in Palladino et al. 
2003 [ 1 ], Table 1) that act to inhibit TNF signaling and synthesis, including inhibitors of 
TACE (the protease that releases soluble TNE), p38 MAP kinase (known to be involved 
in signaling both TNE synthesis and activity), NE-kB (a major signaling pathway for 
TNE activity), and thalidomide (a TNE synthesis inhibitor). 



10. CONCEUSION 

The extraordinary success of anti-TNE therapies in treating debilitating inflamma- 
tory disorders such as RA and Crohn’s disease has exceeded the hopes of even some of 
their most optimistic supporters. Understanding of the complex role that TNE plays in 
cancer and its associated conditions is in its infancy, but excitement surrounding TNE 
as a pharmacologic target for oncology is building. Already TNE therapy has proven its 
usefulness in specific settings and continued advances promise to widen its use. Early 
results suggest that anti-TNE therapies will find an important place in cancer treatment, 
both as antitumor agents and perhaps much more broadly for supportive care. 

REFERENCES 

1. Palladino MA, Bahjat FR, Theodorakis EA, Moldawer LL. Anti-TNF-alpha therapies: The next gen- 
eration. Nat Rev Drug Discov 2003;2(9):736-746. 

2. Balkwill F. Tumor necrosis factor or tumor promoting factor? Cytokine Growth Factor Rev 2002; 
13(2):135-141. 

3. Carswell EA, Old LJ, Kassel RL, Green S, Eiore N, Williamson B. An endotoxin-induced serum fac- 
tor that causes necrosis of tumors. Proc Natl Acad Sci U S A 1975;72(9):3666-3670. 

4. Pennica D, Nedwin GE, Hayflick JS, et al. Fluman tumour necrosis factor: Precursor structure, 
expression and homology to lymphotoxin. Nature 1984;312(5996):724-729. 

5. Aggarwal BB. Signalling pathways of the TNF superfamily: A double-edged sword. Nat Rev 
Immunol 2003;3(9):745-756. 

6. Feldmann M, Brennan FM, Paleolog E, et al. Anti-TNEalpha therapy of rheumatoid arthritis: What 
can we learn about chronic disease? Novartis Eound Symp 2004;256:53-69; discussion -73, 106-1 11, 
266-269. 

7. Tapping RI, Akashi S, Miyake K, Godowski PJ, Tobias PS. Toll-like receptor 4, but not toll-like recep- 
tor 2, is a signaling receptor for Escherichia and Salmonella lipopolysaccharides. J Immunol 2000; 
165(10):5780-5787. 



86 



Part II / Cytokines and Carcinogenesis 



8. Black RA, Rauch CT, Kozlosky CJ, et al. A metalloproteinase disintegrin that releases tumour-necro- 
sis factor-alpha from cells. Nature 1997;385(6618):729-733. 

9. Moss ML, Jin SL, Milla ME, et al. Cloning of a disintegrin metalloproteinase that processes precur- 
sor tumour-necrosis factor-alpha. Nature 1997;385(6618):733-736. 

10. Smith RA, Baglioni C. The active form of tumor necrosis factor is a trimer. J Biol Chem 1987;262 
(15):6951-6954. 

1 1 . Perez C, Albert I, DeFay K, Zachariades N, Gooding L, Kriegler M. A nonsecretable cell surface 
mutant of tumor necrosis factor (TNF) kills by cell-to-cell contact. Cell 1990;63(2):25 1-258. 

12. Grell M, Wajant H, Zimmermann G, Scheurich P. The type 1 receptor (CD120a) is the high-affinity 
receptor for soluble tumor necrosis factor. Proc Natl Acad Sci USA 1998;95(2):570-575. 

13. Tartaglia LA, Pennica D, Goeddel DV. Ligand passing: The 75-kDa tumor necrosis factor (TNF) 
receptor recruits TNF for signaling by the 55-kDa TNF receptor. J Biol Chem 1993;268(25): 
18542-18548. 

14. Grell M, Becke FM, Wajant H, Mannel DN, Scheurich P. TNF receptor type 2 mediates thymocyte 
proliferation independently of TNF receptor type 1. Fur J Immunol 1998;28(l):257-263. 

15. Ashkenazi A, Dixit VM. Death receptors: Signaling and modulation. Science 1998;281(5381): 
1305-1308. 

16. Baud V, Karin M. Signal transduction by tumor necrosis factor and its relatives. Trends Cell Biol 
2001;ll(9):372-377. 

17. Schutze S, Machleidt T, Adam D, et al. Inhibition of receptor internalization by monodansylcadaver- 
ine selectively blocks p55 tumor necrosis factor receptor death domain signaling. J Biol Chem 
1999;274(15): 10203-10212. 

18. Micheau O, Tschopp J. Induction of TNF receptor I-mediated apoptosis via two sequential signaling 
complexes. Cell 2003; 114(2): 18 1-190. 

19. Legler DF, Micheau O, Doucey MA, Tschopp J, Bron C. Recruitment of TNF receptor 1 to lipid rafts 
is essential for TNFalpha-mediated NF-kappaB activation. Immunity 2003;18(5):655-664. 

20. Lejeune FJ. Clinical use of TNF revisited: Improving penetration of anti-cancer agents by increasing 
vascular permeability. J Clin Invest 2002;1 10(4):433^35. 

21. Eggermont AM, de Wilt JH, ten Hagen TL. Current uses of isolated limb perfusion in the clinic and 
a model system for new strategies. Lancet Oncol 2003;4(7):429^37. 

22. Ruegg C, Yilmaz A, Bieler G, Bamat J, Chaubert P, Lejeune FJ. Evidence for the involvement of 
endothelial cell integrin alpha Vbeta3 in the disruption of the tumor vasculature induced by TNF and 
IFN-gamma. Nat Med 1998;4(4):408^14. 

23. Folli S, Pelegrin A, Chalandon Y, et al. Tumor-necrosis factor can enhance radio-antibody uptake in 
human colon carcinoma xenografts by increasing vascular permeability. Int J Cancer 1993;53(5): 
829-836. 

24. An J, Sun YP, Adams J, Fisher M, Belldegrun A, Rettig MB. Drug interactions between the protea- 
some inhibitor bortezomib and cytotoxic chemotherapy, tumor necrosis factor (TNF) alpha, and TNF- 
related apoptosis-inducing ligand in prostate cancer. Clin Cancer Res 2003;9(12):4537-4545. 

25. Senzer N, Mani S, Rosemurgy A, et al. TNFerade biologic, an adenovector with a radiation-inducible 
promoter, carrying the human tumor necrosis factor alpha gene: A phase I study in patients with solid 
tumors. J Clin Oncol 2004;22(4):592-601. 

26. Cumis F, Sacchi A, Corti A. Improving chemotherapeutic drug penetration in tumors by vascular 
targeting and barrier alteration. J Clin Invest 2002;1 10(4):475-482. 

27. Cumis F, Gasparri A, Sacchi A, Longhi R, Corti A. Coupling tumor necrosis factor-alpha with alphaV 
integrin ligands improves its antineoplastic activity. Cancer Res 2004;64(2):565-571. 

28. Borsi L, Balza E, Carnemolla B, et al. Selective targeted delivery of TNFalpha to tumor blood 
vessels. Blood 2003;102(13):4384^392. 

29. Katerinaki E, Evans GS, Lorigan PC, MacNeil S. TNF-alpha increases human melanoma cell inva- 
sion and migration in vitro: The role of proteolytic enzymes. Br J Cancer 2003;89(6): 1123-1 129. 

30. Hagemann T, Robinson SC, Schulz M, Tmmper L, Balkwill FR, Binder C. Enhanced invasiveness of 
breast cancer cell lines upon co-cultivation with macrophages is due to TNF-(R) dependent upregu- 
lation of matrix metalloproteases. Carcinogenesis 2004:bghl46. 

31. Mochizuki Y, Nakanishi H, Kodera Y, et al. TNF-alpha promotes progression of peritoneal metasta- 
sis as demonstrated using a green fluorescence protein (GFP)-tagged human gastric cancer cell line. 
Clin Exp Metastasis 2004;21(l):39-47. 



Chapter 4 / TNF and Cancer 



87 



32. Frater-Schroder M, Risau W, Flallmann R, Gautschi P, Bohlen P. Tumor necrosis factor type alpha, a 
potent inhibitor of endothelial cell growth in vitro, is angiogenic in vivo. Proc Natl Acad Sci USA 
1987;84(15):5277-5281. 

33. Fajardo LF, Kwan HH, Kowalski J, Prionas SD, Allison AC. Dual role of tumor necrosis factor-alpha 
in angiogenesis. Am J Pathol 1992;140(3):539-544. 

34. Szlosarek PW, Balkwill FR. Tumour necrosis factor alpha: A potential target for the therapy of solid 
tumours. Lancet Oncol 2003;4(9):565-573. 

35. Dranoff G. Cytokines in cancer pathogenesis and cancer therapy. Nat Rev Cancer 2004;4(1):1 1-22. 

36. Mantovani G, Maccio A, Mura L, et al. Serum levels of leptin and proinflammatory cytokines in 
patients with advanced-stage cancer at different sites. J Mol Med 2000;78(10);554-561. 

37. Karayiannakis AJ, Syrigos KN, Polychronidis A, Pitiakoudis M, Bounovas A, Simopoulos K. Serum 
levels of tumor necrosis factor-alpha and nutritional status in pancreatic cancer patients. Anticancer 
Res 2001;21(2B):1355-1358. 

38. Yoshida N, Ikemoto S, Narita K, et al. Interleukin-6, tumour necrosis factor alpha and interleukin- 
Ibeta in patients with renal cell carcinoma. Br J Cancer 2002;86(9): 1396-1400. 

39. Leek RD, Landers R, Fox SB, Ng F, Harris AL, Lewis CE. Association of tumour necrosis factor 
alpha and its receptors with thymidine phosphorylase expression in invasive breast carcinoma. Br J 
Cancer 1998;77(12):2246-2251. 

40. Partanen R, Koskinen H, Hemminki K. Tumour necrosis factor-alpha (TNF-alpha) in patients who 
have asbestosis and develop cancer. Occup Environ Med 1995;52(5);316-319. 

41. Pfitzenmaier J, Vessella R, Higano CS, Noteboom JL, Wallace D, Jr., Corey E. Elevation of cytokine 
levels in cachectic patients with prostate carcinoma. Cancer 2003;97(5): 121 1-1216. 

42. Nakashima J, Tachibana M, Ueno M, Miyajima A, Baba S, Murai M. Association between tumor necro- 
sis factor in serum and cachexia in patients with prostate cancer. Clin Cancer Res 1998;4(7): 1743-1748. 

43. Bossola M, Muscaritoli M, Bellantone R, et al. Serum tumour necrosis factor-alpha levels in cancer 
patients are discontinuous and correlate with weight loss. Eur J Clin Invest 2000;30(12):1107-1112. 

44. von Biberstein SE, Spiro ID, Lindquist R, Kreutzer DL. Enhanced tumor cell expression of tumor 
necrosis factor receptors in head and neck squamous cell carcinoma. Am J Surg 1995;170(5):416^22. 

45. Ariapart P, Bergstedt-Lindqvist S, van Harmelen V, Permert J, Wang F, Lundkvist I. Resection of pan- 
creatic cancer normalizes the preoperative increase of tumor necrosis factor alpha gene expression. 
Pancreatology 2002;2(5):491-494. 

46. Li R, Ruttinger D, Si LS, Wang YL. Analysis of the immunological microenvironment at the tumor 
site in patients with non-small cell lung cancer. Langenbecks Arch Surg 2003;388(6):406^12. 

47. Boldrini L, Calcinai A, Samaritani E, et al. Tumour necrosis factor-alpha and transforming growth 
factor-beta are significantly associated with better prognosis in non-small cell lung carcinoma: 
Putative relation with BCL-2-mediated neovascularization. Br J Cancer 2000;83(4):480^86. 

48. Wang YY, Lo GH, Lai KH, Cheng IS, Lin CK, Hsu PL Increased serum concentrations of tumor 
necrosis factor-alpha are associated with disease progression and malnutrition in hepatocellular 
carcinoma. J Chin Med Assoc 2003;66(10):593-598. 

49. Michalaki V, Syrigos K, Charles P, Waxman J. Serum levels of IL-6 and TNE-alpha correlate with 
clinicopathological features and patient survival in patients with prostate cancer. Br J Cancer 
2004;90(12):2312-2316. 

50. Marsh HP, Haidar NA, Bunce M, et al. Polymorphisms in tumour necrosis factor (TNE) are associated 
with risk of bladder cancer and grade of tumour at presentation. Br J Cancer 2003;89(6):1096-1101. 

51. Darai E, Detchev R, Hugol D, Quang NT. Serum and cyst fluid levels of interleukin (IL) -6, IL-8 and 
tumour necrosis factor-alpha in women with endometriomas and benign and malignant cystic ovar- 
ian tumours. Hum Reprod 2003;18(8):1681-1685. 

52. Ness RB. Endometriosis and ovarian cancer: Thoughts on shared pathophysiology. Am J Obstet 
Gynecol 2003;189(l):280-294. 

53. Tselepis C, Perry I, Dawson C, et al. Tumour necrosis factor-alpha in Barrett’s oesophagus: A poten- 
tial novel mechanism of action. Oncogene 2002;21(39):6071-6081. 

54. Eujiki H, Suganuma M, Okabe S, Kurusu M, Imai K, Nakachi K. Involvement of TNF-alpha changes 
in human cancer development, prevention and palliative care. Mech Ageing Dev 2002;123(12): 
1655-1663. 

55. Amott CH, Scott KA, Moore RJ, et al. Tumour necrosis factor-alpha mediates tumour promotion via 
a PKC alpha- and AP-1 -dependent pathway. Oncogene 2002;21(31):4728-4738. 



88 



Part II / Cytokines and Carcinogenesis 



56. Scott KA, Moore RJ, Amott CH, et al. An anti-tumor necrosis factor-alpha antibody inhibits the 
development of experimental skin tumors. Mol Cancer Ther 2003;2(5):445-451. 

57. Amott CH, Scott KA, Moore RJ, Robinson SC, Thompson RG, Balkwill FR. Expression of both 
TNF-alpha receptor subtypes is essential for optimal skin tumour development. Oncogene 2004;23 
(10):1902-1910. 

58. Tsimberidou AM, Giles FJ. TNF-alpha targeted therapeutic approaches in patients with hematologic 
malignancies. Expert Rev Anticancer Ther 2002;2(3):277-286. 

59. Liotta LA, Kohn EC, Petricoin EE. Clinical proteomics: Personalized molecular medicine. Jama 
2001;286(18):221 1-2214. 

60. Ferrajoli A, Keating MJ, Manshouri T, et al. The clinical significance of tumor necrosis factor-alpha 
plasma level in patients having chronic lymphocytic leukemia. Blood 2002;100(4):1215-1219. 

61. Stasi R, Amadori S. Infliximab chimaeric anti-tumour necrosis factor alpha monoclonal antibody 
treatment for patients with myelodysplastic syndromes. Br J Haematol 2002;1 16(2):334— 337. 

62. Raza A, Lisak LA, Tahir S, et al. Hematologic improvement in response to anti-tumor necrosis 
factor (TNF) therapy with Remicade® in patients with myelodysplastic syndromes (MDS). ASH 44th 
Annual Meeting; 6-10 December 2002; Philadelphia, PA. 

63. Eisen T, Boshoff C, Mak 1, et al. Continuous low dose Thalidomide: A phase 11 study in advanced 
melanoma, renal cell, ovarian and breast cancer. Br J Cancer 2000;82(4):812-817. 

64. Turk BE, Jiang H, Liu JO. Binding of thalidomide to alphal-acid glycoprotein may be involved in its 
inhibition of tumor necrosis factor alpha production. Proc Natl Acad Sci USA 1996;93(15):7552-7556. 

65. Maisey NR, Hall K, Lee C, et al. Infliximab: A phase 11 trial of the tumour necrosis factor (TNFa) 
monoclonal antibody in patients with advanced renal cell cancer (RCC). 40th ASCO Annual Meeting; 
June 5-8, 2004; New Orleans, LA. 

66. Marty FM, Lee SJ, Fahey MM, et al. Infliximab use in patients with severe graft-versus-host disease 
and other emerging risk factors of non-Candida invasive fungal infections in allogeneic hematopoi- 
etic stem cell transplant recipients: A cohort study. Blood 2003;102(8):2768-2776. 

67. Smith KJ, Skelton HG. Rapid onset of cutaneous squamous cell carcinoma in patients with rheuma- 
toid arthritis after starting tumor necrosis factor alpha receptor IgGl-Fc fusion complex therapy. J Am 
Acad Dermatol 2001;45(6):953-956. 

68. Kavanaugh A, Keystone EC. The safety of biologic agents in early rheumatoid arthritis. Clin Exp 
Rheumatol 2003 ;2 1(5 Suppl 31):S203-208. 

69. Wolfe E, Michaud K. Lymphoma in rheumatoid arthritis: The effect of methotrexate and anti-TNF 
therapy in 18,572 patients. Arthritis Rheum, p. suppl. S242. 

70. Lee JH, Slifman NR, Gershon SK, et al. Life-threatening histoplasmosis complicating immunother- 
apy with tumor necrosis factor alpha antagonists infliximab and etanercept. Arthritis Rheum 2002; 
46(10):2565-2570. 

71. Brown SL, Greene MH, Gershon SK, Edwards ET, Braun MM. Tumor necrosis factor antagonist ther- 
apy and lymphoma development: Twenty-six cases reported to the Food and Drug Administration. 
Arthritis Rheum 2002;46(12):3151-3158. 

72. Slifman NR, Gershon SK, Lee JH, Edwards ET, Braun MM. Listeria monocytogenes infection as a 
complication of treatment with tumor necrosis factor alpha-neutralizing agents. Arthritis Rheum 
2003;48(2):319-324. 

73. Colombel JF, Loftus EV, Jr., Tremaine WJ, et al. The safety profile of infliximab in patients with 
Crohn’s disease: The Mayo clinic experience in 500 patients. Gastroenterology 2004;126(1):19-31. 

74. Kurzrock R. The role of cytokines in cancer-related fatigue. Cancer 2001;92(6 Suppl): 1684-8. 

75. Wichers M, Maes M. The psychoneuroimmuno-pathophysiology of cytokine-induced depression in 
humans. Int J Neuropsychopharmacol 2002;5(4):375-388. 

76. Guttridge DC, Mayo MW, Madrid LV, Wang CY, Baldwin AS, Jr. NF-kappaB-induced loss of 
MyoD messenger RNA: Possible role in muscle decay and cachexia. Science 2000;289(5488): 
2363-2366. 

77. Tisdale MJ. Cachexia in cancer patients. Nat Rev Cancer 2002;2(11):862-871. 

78. Argiles JM, Busquets S, Lopez-Soriano FJ. Cytokines in the pathogenesis of cancer cachexia. Curr 
Opin Clin Nutr Metab Care 2003;6(4):401-406. 

79. Tobinick EL. Targeted etanercept for treatment-refractory pain due to bone metastasis: Two case 
reports. Clin Ther 2003;25(8):2279-2288. 



Chapter 4 / TNF and Cancer 



89 



80. Komgold R, Marini JC, de Baca ME, Murphy GF, Giles-Komar J. Role of tumor necrosis factor-alpha 
in graft-versus-host disease and graft-versus-leukemia responses. Biol Blood Marrow Transplant 
2003;9(5):292-303. 

81. Couriel DR, Saliba R, Hicks K, et al. TNF-Alpha Inhibition for the Treatment of Chronic GVHD. 
ASH 44th annual meeting; 6-10 December 2002; Philadelphia, PA. 

82. Campos A, Vaz CP, Costa N, et al. Infliximab as Salvage Therapy for Patients with Acute Graft Versus 
Host Disease Refractory to Steroids. ASH 45th Annual Meeting; 6-9 December 2003; San Diego, CA. 

83. Jacobsohn DA, Hallick J, Anders V, McMillan S, Moms L, Vogelsang GB. Infliximab for steroid- 
refractory acute GVHD: A case series. Am J Hematol 2003;74(2): 119-124. 

84. Rube CE, van Valen F, Wilfert F, et al. Ewing’s sarcoma and peripheral primitive neuroectodermal 
tumor cells produce large quantities of hioactive tumor necrosis factor-alpha (TNF-alpha) after radi- 
ation exposure. Int J Radiat Oncol Biol Phys 2003;56(5): 1414-1425. 

85. Ruhe CE, Wilfert F, Uthe D, et al. Modulation of radiation-induced tumour necrosis factor alpha 
(TNF-alpha) expression in the lung tissue by pentoxifylline. Radiother Oncol 2002;64(2); 177-1 87. 

86. Delanian S, Porcher R, Balla-Mekias S, Lefaix JL. Randomized, placebo-controlled trial of combined 
pentoxifylline and tocopherol for regression of superficial radiation-induced fibrosis. J Clin Oncol 
2003;21(13):2545-2550. 

87. Okunieff P, Augustine E, Hicks JE, et al. Pentoxifylline in the treatment of radiation-induced 
fibrosis. J Clin Oncol 2004;22(11):2207-2213. 




Transforming Growth Factor- (3 
and Cancer 



Alyssa R. Bonine-Summers, Brian K. Law, 
and Harold L. Moses 

Contents 

TGF-(3 Signaling and Tumorigenesis 

TGF-(3 Activates a Tumor Suppressive Pathway 

Genetic Alterations in the TGF-(3 Pathway in Human Cancer 

Mechanisms of TGF-(3 Mediated Cell Cycle Arrest 

Mechanisms of TGF-(3 Mediated Apoptosis 

Tumor Promoting Effects of TGF-(3 

Tumor Progression Through Activation of Angiogenesis 

Tumor Progression via TGF-(3 Immune Suppression 

TGF-(3 and the Stromal Environment 

Therapeutics for TGE-(3 Responsive Carcinomas 

References 



1. TGF-p SIGNALING AND TUMORIGENESIS 

Normal tissue homeostasis is maintained by strict regulation of interactions between 
cells and their microenvironment. How a cell responds to stimulatory and inhibitory sig- 
nals it receives from the microenvironment will directly impact whether or not that par- 
ticular cell will proceed through the cell cycle and proliferate or stop cell cycle 
progression and undergo assessment. When cells no longer respond to their microenvi- 
ronmental cues and proliferate autonomously, tumors arise. The major known negative 
regulators of cell proliferation are the transforming growth factor (3s (TCF-(3s). The 
TGF-[3 signaling pathways are tumor suppressive, yet once tumors have developed, 
TGF-[3 signaling can enhance tumor progression. 

The TCF-(3 signaling pathways regulate an important network of signals that control 
cellular growth, differentiation and migration ( 1 ). TCF-(3 activates key signaling events 
that are either blocked in tumor cells to allow cellular proliferation or are used by tumor 
cells to promote metastasis ( 2 ). TGF-(3 exists as three isoforms, TCF-(3l, [32, and [33, that 
signal through cell surface serine/threonine kinase receptors designated TCF-(3 type I 
(T|3RI) and TCF-(3 type II (T[3RII). T[3RII is a constitutively active protein kinase that is 
autophosphorylated upon TCF-|3 ligand binding. The TGF-|3/T(3RII phospho-complex 
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Fig. 1. Schematic of TGF-P signal transduction. A simplified schematic showing Smad signaling on 
the right, known to he necessary for growth inhibition and non-Smad signaling on the left, known to 
be involved in epithelial to mesenchymal transition (EMT) and motility. JNK, c-Jun amino-terminal 
kinase; ROCK, Rho-associated kinase. 



recruits T[3RI that when hound is phosphorylated hy T[3RII. Phosphorylated T^RI then 
propagates the signal hy phosphorylating receptor-regulated Smad proteins (R-Smads) 
that consist of Smad2 and Smad3 proteins. Upon activation of the R-Smad proteins a 
common-mediator Smad (Co-Smad), designated Smad4, hinds the R-Smad complex. 
The R-Smad/Co-Smad heteromeric complex then accumulates in the nucleus where it 
participates in transcriptional regulation of target genes ( 3 ) (Fig. 1). 

The TGF-(3 receptor complex can also signal independently of Smad proteins. 
Secondary pathways include activation of the mitogen-activated protein kinase (MAPK) 
pathways. Activation of the RhoA pathway as well as the phosphatidylinositol 3 kinase 
(PI-3K) and Akt pathways have been shown to increase stress fiber formation and delo- 
calization of cell adhesion molecules ( 4 , 5 ). Moreover, the integrinl and p38/MAPK 
pathway has been shown to be involved in epithelial motility ( 6 , 7 ). In addition to cell 
motility, TGF-(3 receptors activate apoptosis related pathways through the mitochondr- 
ial pathway. Activation of the apoptosis related protein in TGF-(3 signaling (ARTS) 
blocks an inhibitor of a caspase degradation protein called XIAP ( 8 , 9 ). These and other 
related pathways show the diversity of TGF-(3 signaling through activation of a plethora 
of effector proteins. 

The diversity of the TGF-[3 network allows for complex signaling during tumor pro- 
gression. Tumors have been shown to escape the effects of TGF-(3 through mutations of 
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T(3RI, T[3RII and/or Smad proteins, thereby ablating their tumor suppressive properties 
(10,11). However, many cancers also use the TGF-[3 pathway to their benefit. Once 
established, as the tumor progresses, mutations accumulate that disrupt the suppressive 
effects of TGF-(3. Tumors have then been found to elevate levels of the TGF-(3 ligand to 
promote an increased metastatic state (12). Thus, TGF-(3 can act as a tumor suppressor 
or tumor promoter depending on the context of the tumor microenvironment. 

2. TGF-p ACTIVATES A TUMOR SUPPRESSIVE PATHWAY 

The protective effects of TGF-(3 against malignant transformation have been ana- 
lyzed through the use of several transgenic mouse model systems. Initial studies using 
in vitro assays documented that the growth suppressive abilities of TGF-(3 are dominant 
over the tumor promoting effects of the mitogen TGF-a (13). The protective effects of 
TGF-(3 were further verified by Pierce et al. (14) in vivo through the generation of trans- 
genic mice constitutively expressing the TGF-[3l ligand using the promoter/enhancer 
MMTV to target mammary tissue. The MMTV/TGF-[3l mice were then crossed with 
transgenic mice over-expressing the mitogen TGF-a. Offspring from the MMTV/TGF- 
(3l/TGF-a mice developed a significantly lower number of tumors compared to TGF-a 
mice alone. Furthermore, MMTV/TGF-(3l mice treated with the carcinogen DMBA 
(7, 12-dimethylbenz [a] anthracene) showed marked resistance to the drug relative to their 
wild type counterparts. These data demonstrate the protective role that TGF-(3l plays 
during mammary carcinogenesis. 

Further evidence for the tumor protective effects of TGF-[3 have been documented 
through epidemiologic studies looking at polymorphisms that increase serum levels of 
TGF-[3. A polymorphism was detected that altered the common allele thymine (T) to a 
variant containing cytosine (C) thus substituting the amino acid leucine for a proline. 
Individuals that are homozygous for T/T alleles or heterozygous T/C alleles are more 
likely to develop breast cancer than homozygous C/C individuals. Further experiments 
determined that those patients with homozygous C/C genotypes had a higher circulating 
amount of TGF-(3 than individuals with the common T/T genotype (15), thereby suggest- 
ing that an increase in circulating TGF-(3 is protective against human tumor formation. 

Owing to the protective role played by TGF-[3 many tumors attempt to evade the TGF- 
P signaling pathway through perturbation of TGF-P receptor signaling through several 
mechanisms. One mechanism is loss of TGF-P ligand expression that has been suggested 
to be an early step in tumor progression. Studies using antisense TGF-pi to reduce TGF- 
P autocrine function in a human colon carcinoma cell line demonstrated that loss of TGF- 
Pl expression drastically increased the ability of the colon cancer cells to form tumors in 
mice compared to wild type controls (16,17). Another mechanism to evade TGF-P signal- 
ing is inactivating mutations of TGF-P receptors. Studies have shown that mice express- 
ing dominant negative TPRII (dnTPRII) have enhanced tumorigenesis in lung, mammary 
tissue, and skin upon carcinogen treatment (18,19). Furthermore, it was shown by Tu et 
al. (20) that mice expressing both the SV40 large T antigen and the dnTPRII transgene are 
more prone toward metastasis from primary prostate tumors than mice expressing the 
SV40 large T antigen alone. Recently, evidence has demonstrated that mice expressing 
dnTPRII in the mammary gland have an increased propensity for mammary carcinogen- 
esis without a carcinogen inducing agent, though with a longer latency (21). 

Disruption of the downstream Smad proteins also dramatically increases the suscepti- 
bility to tumor formation in mouse models. Mice lacking functional Smad2, Smad3, or 
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Smad4 have been generated to examine any redundancy these proteins have in develop- 
ment and tumorigenesis. Mice with homozygous inactivating mutations of the Smad2 or 
Smad4 genes die in embryogenesis whereas Smad3 null mice are viable (22). Data indi- 
cate that Smad3 is a tumor suppressor protein, because Smad3 null mice develop colon 
cancer with a 100% incidence by 4-6 mo of age in the 129/Sv genetic background (23). 
Yet, other studies of Smad3 null mice did not show this dramatic phenotype perhaps due 
to different targeting strategies used to knock out the Smad3 gene (24,25). In humans, 
however, it was observed recently that 37.5% of human gastric cancers ablate Smad3 
expression (26). This suggests that Smad3 is indeed a tumor suppressor gene. 

Although homozygous Smad2 and Smad4 mouse mutants die as embryos Smad2 and 
Smad4 genes can be studied in heterozygous null mouse models. These studies have 
identified both Smad2 and Smad4 genes as potent tumor suppressors. After a 1-yr 
latency, heterozygous Smad4 mutant mice develop malignant intestinal tumors that are 
attributed to loss of heterozygosity and duplication of the mutant Smad4 allele (27,28). 
In addition, mice carrying inactivation mutations of both Smad4 and APC genes in a 
heterozygous fashion develop highly metastatic intestinal tumors compared to mice car- 
rying mutated APC alone (29). APC mutations alone induce a high incidence of intes- 
tinal tumors but with a low incidence of malignancy (30). The APC gene is frequently 
inactivated in colon cancers and like the Smad4 protein the APC protein inhibits cellu- 
lar proliferation through transcriptional regulation of target genes. Similar results have 
been observed in Smad2/APC heterozygous mutant mice. Loss of Smad2, as with the 
loss of Smad4, increases the invasiveness of existing APC induced tumors causing 
accelerated tumor growth (31). Clearly mutations in the Smad2 or Smad4 tumor sup- 
pressor genes enhance the effect of APC mutations to form a more aggressive tumor 
phenotype. Overall these data provide substantial evidence for the physiologic impor- 
tance of TGF-[3 signaling in tumor suppression. 

3. GENETIC AETERATIONS IN THE TGF-p 
PATHWAY IN HUMAN CANCER 

Although mouse models allow for detailed manipulation of tumor signaling path- 
ways the final question is how relevant are these results to human cancer? As stated ear- 
lier, TGF-(3 plays a central role in the control of cellular growth and many tumors escape 
the inhibitory function of TGF-(3 through mutational inactivation of genes within the 
TGF-(3 signaling network. Striking evidence for the importance of TGF-(3 signaling in 
human cancers comes from recent estimates that most pancreatic and colon cancers 
have mutations that block the function of one or more components of the TGF-[3 signal- 
ing pathway (32,33). It was first shown by Markowitz et al. (34) that the Tgfbr2 gene is 
frequently inactivated in mismatch repair (MMR) deficient sporadic colon cancers. 
Cancers that are MMR deficient have an increased mutational rate through the addition 
or deletion of nucleotides in regions of genes that contain long repeated sequences. The 
Tgfbr2 gene contains a microsatellite region consisting of a 10-base-pair poly adenine 
repeat (BAT-RII tract) encoding part of the extracellular domain of the T(3RII receptor. 
Mutations in the BAT-RII tract, caused by MMR deficiency, cause the introduction of 
early stop codons that result in a truncated nonfunctional T[3RII receptor. Subsequent 
analyses also identified BAT-RII mutations in hereditary nonpolyposis colon cancer 
(HNPCC), 68-91% of gastric cancers, 71% of gliomas and 50% of pancreatic-biliary 
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maljunction-associated biliary tract tumors (35^0). The Tgfbr2 gene is also inactivated 
by point mutations in head and neck carcinomas, gastric lymphoma, T-cell lymphoma, 
and ovarian carcinomas (10,41^4). 

Certain cancers have also been shown to have inactivation of the TfiRI gene. The first 
evidence for T[3RI mutations in human cancer was documented by Chen et al. (45). A. 
point mutation that results in a serine to tyrosine substitution (S387Y) in the TfiRI gene 
was identified in secondary lymph metastases in breast carcinoma patients. These results 
suggest that TfiRI mutations are more commonly associated with metastatic disease than 
primary tumor lesions. However, it has been proposed that the S387Y mutation in TfiRI 
is perhaps not as likely a promoter of metastasis as initially thought because TfiRI is not 
found to be commonly mutated in breast, lung, and colon metastases (46). Nonetheless, 
TfiRl mutations are clearly associated with many cancers. In nonsmall-cell lung cancers 
(NSCLC), a polymorphism located within intron 7 of the TfiRI gene changes a guanine 
(G) nucleotide to adenine (A). Individuals homozygous for the A/A polymorphism had 
threefold higher incidence of NSCLC development than individuals with the more com- 
mon G/G genotype (47). In addition, Pasche et al. (48) identified a common polymor- 
phism designated T[3RI(6A) that contains a deletion of three alanine residues in the 
extracellular domain of the receptor and an uncommon polymorphism designated 
T(3RI(10A) that contains an insertion of an alanine residue in the same domain. The 
T(3RI(6A) mutation favors cell proliferation by disabling TGF-[3 growth suppressive 
effects. Furthermore an analysis of T[3RI(6A) frequency in 12 case-control studies found 
a 70% increased colon cancer risk in individuals that were homozygous for the T[3RI(6A) 
allele and a 19% increase in heterozygous individuals (49). These data support the idea 
that T(3RI plays a significant role in tumorigenesis and that TGF-(3 related epidemiologic 
predispositions are a critical evaluator in cancer progression. 

As observed in mouse models, Smads play an important role in TGF-(3 signaling and 
are key suppressors of cancer progression. In human cancers the Smad4 gene is mutated 
more commonly than Smad2 or Smad3. The Smad4 gene is a target for mutation in 50% 
of pancreatic cancers and 33% of metastatic colon cancers (50,51). In addition to 
somatic mutations, Smad4 germ-line mutations were also identified in patients with 
juvenile polyposis syndromes (JPS). These patients exhibit hamartomatous intestinal 
polyps with an increased risk of developing gastrointestinal cancer (52). Interestingly, 
Smad4 is frequently mutated in conjunction with other TGF-[3 signaling components. In 
biliary cancer both Smad4 and TfiRI genes are mutated, whereas certain colon cancers 
carry Smad4/TPRII double mutations (32,33). Smad4 mutations have also been found in 
conjunction with Smad2 mutations in colon, lung, and pancreatic cancer (53). Finally, 
Smad2 mutations alone have been observed in colon and lung cancer, whereas Smad3 
mutations have been found associated with breast cancer, gastric cancer, and occur 
infrequently in colon cancer (54-56). Together these data show that the Smad proteins 
are potent tumor suppressor proteins that are critical to the growth suppressive effects 
of TGF-[3 in human carcinogenesis. 

4. MECHANISMS OF TGF-p MEDIATED CEEE CYCEE ARREST 

The ability of TGF-[3 to act as a tumor suppressor is, in part, owing to its capability to 
induce cell cycle arrest in most epithelial cells. The cell cycle is governed by a group of 
proteins called cyclins that are regulated at the transcriptional level by E2F-dependent 
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Fig. 2. Modulation of the cell cycle by TGF-|3-G1 arrest: A basic diagram depicting the involvement 
of TGF-(3 in G1 cell cycle arrest. TGF-(3 through Smad transcriptional events induces pl5 and p21, 
cdk inhibitors that block activation of the cyclin/cdk complexes. The retinoblastoma protein, pRb, 
then becomes dephosphorylated blocking E2F transcription factors. TGF-(3 also down-regulates c- 
Myc expression thus relieving pl5 and p21 repression. 



transcription and growth factors and at the protein level via phosphorylation hy cyclin- 
dependent kinases (cdks) ( 57 ). Cyclins and cdks are negatively regulated hy cdk 
inhibitors (cdki). Cdki proteins block cell cycle progression by blocking the kinase activ- 
ity of cyclin/cdk complexes ( 58 ). There are two groups of cyclin proteins, those that gov- 
ern the Gj-S phase of the cell cycle (cyclin D, E, and A) and those that govern the G 2 -M 
transition (cyclin B). Each cyclin also has a corresponding cdk component. Both cyclin 
D/cdk4/6 and cyclin E/cdk2 complexes phosphorylate the retinoblastoma tumor suppres- 
sor protein (pRb). When pRb is hypophosphorylated it associates with E2E transcription 
factors and sequesters them from activating target genes required for cell cycle progres- 
sion. However, upon hyperphosphorylation pRb disassociates from E2E, liberating E2E 
to activate genes required for cell cycle progression ( 59 , 60 ) (Eig. 2). 

TGE-[3 primarily acts through proteins that regulate the G^-S transition of the cell 
cycle. TGE-[3 affects cell cycle progression through a narrow window occurring 6-10 h 
after Gq release, this is known as the restriction point. If TGE-[3 is added after the restric- 
tion point the cell will cycle through until the Gl/S transition of the next cell cycle is 
reached and then undergo arrest ( 60 ). TGE-[3 induces cytostasis by up-regulating the 
cdki proteins, pl5 and p21. The pl5 protein blocks cyclin D/cdk4/6 function whereas 
p21 blocks both cyclin D/cdk4/6 and cyclin E/cdk2 during Gj-S transition. Smads 2/3/4 
are directly involved in transcriptional regulation of both pl5 and p21 ( 61 , 62 ). Evidence 
for the involvement of cdk inhibitors in the TGE-[3 cytostatic program has been demon- 
strated in cancers with mutated pl5 because these cancers have been shown to be TGE-[3 
insensitive and refractory toward TGE-(3 induced growth arrest ( 63 ). 

In addition to activating cell cycle inhibitors, TGE-(3 also down-regulates mitogenic 
proteins that stimulate cell growth. TGE-[3 down-regulates the potent mitogenic factor 
c-Myc. The c-Myc protein is involved in transcriptional regulation of many genes 





Chapter 5 / TGF-(3 and Cancer 



97 




Fig. 3. TGF-(3 induced apoptotic pathways. There are two main apoptotic pathways in mammalian 
cells, the death receptor pathway and the mitochondrial pathway. In the death receptor pathway 
TGF-(3 induces apoptosis via Fas, DAXX, and DAPK. In the mitochondrial pathway TGF-(3 is known 
to affect the protein ARTS that signals through caspase-3. DAPK, death-associated protein kinase; 
ARTS, apoptosis-related protein in TGF-(3 signaling. 



necessary for cell cycle progression as well as transcriptional repression of cdk 
inhibitors pl5 and p21 (64-66). Studies have shown that overexpression of c-Myc 
diminishes TGF-(3 growth-arrest capability (67). Moreover, studies in breast cancer cell 
lines MCF-lOA and MDA-MB-231 suggest that loss of TGF-(3 tumor-suppressive prop- 
erties stem from the loss of TGF-(3 repression of c-myc. The Smad proteins that repress 
c-myc transcription are direct targets for mutational inactivation in breast cancer pro- 
gression (68). In addition, loss of c-myc repression is also correlated with ovarian can- 
cer resistance to TGF-(3s antiproliferative effects (69). 

5. MECHANISMS OF TGF-p MEDIATED APOPTOSIS 

Besides the cytostatic properties of TGF-(3 mediated through cell-cycle arrest, TGF- 
[3 also has a pro-apoptotic effect. However, activation of apoptosis by TGF-(3 is variable 
depending on the cell and tissue type. Therefore a single pathway will not suffice to 
explain TGF-(3’s role in programmed cell death (70). The microenvironment greatly 
influences how cells respond to apoptotic signals either from other cells or exogenous 
environmental signals. Deregulated apoptosis, like deregulated proliferation, is a key 
factor during carcinogenesis. When cells no longer undergo apoptosis appropriately 
upon DNA damage, tissues are more likely to become tumorigenic because of the accu- 
mulation of cell number as well as genetic mutations that may allow them to then pro- 
liferate autonomously. There are two major apoptosis pathways in mammalian cells, the 
death receptor pathway and the mitochondrial pathway (71) (Fig. 3). 
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TGF-[3 affects a multitude of apoptotic effector molecules within both the death 
receptor and the mitochondrial pathways. In the human gastric SNU-620 cell line it was 
recently shown that TGF-(3 induces apoptosis from the Fas death receptor pathway. Kim 
et al. (72) identified TGF-(3 as a Fas ligand-independent activator of Fas and subsequent 
activator of caspase-8 via Bid cleavage. Furthermore it is known that Smad transcrip- 
tional targets are important modulators of TGF-(3 mediated apoptosis as SmadS knock- 
down in these cells abrogated the apoptotic phenotype. Other studies also demonstrate 
the requirement for Smad3 mediated transcription in the apoptotic pathway. Conery et 
al. (73) uncovered a novel function for Akt in apoptosis through its ability to cross-talk 
with Smad3. Independent of its kinase activity Akt binds and sequesters Smad3 to the 
cytoplasm thereby blocking Smad3 -mediated transcription and apoptosis. This may be 
one mechanism that Akt uses to promote cellular survival. Other Smad induced factors 
related to TGF-[3 mediated apoptosis are the TGF-(3 early-response gene (TIEGl) and 
the death-associated protein kinase (DAPK) (74,75). Both proteins are up-regulated 
upon TGF-(3 treatment and are some of the first TGF-[3 responsive genes to be identi- 
fied as important mediators of TGF-(3 induced apoptosis (1). TIEGl mimics TGE-[3 by 
inducing cell-cycle arrest and has recently been shown to enhance TGE-(3 mediated 
apoptosis in OEI-neu cells (76). TGE-[3 directly activates the DAPK gene via the 
Smad2/3/4 transcription factors and in turn DAPK sensitizes cells to TGE-[3 dependent 
apoptosis (75). DAPK has been shown to be a critical evaluator of apoptosis as it is a 
target for alteration in lung cancer. Decreased DAPK expression has been correlated 
with epigenetic alteration in the promoter region of the gene in 44% of lung carcinoma 
cell lines and 37% of primary lung cancers (77). Taken together these data strongly sup- 
port the role of Smad proteins and their genetic targets as key players in the death recep- 
tor branch of apoptosis. 

TGE-P receptors have also been shown to activate the death-receptor apoptotic path- 
way via the interaction between DAXX and T[3RII. DAXX is a Pas-receptor associated 
protein that activates apoptosis via the JNK pathway and is a requirement for some cells 
to undergo apoptosis (78). Consistent with the T[3RII/DAXX interaction it was recently 
demonstrated that decreased T(3RII expression correlates with prostate carcinogenesis 
and a decreased apoptotic index (79). Together these data suggest that one mechanism 
for tumor survival is to evade TGP-(3 mediated apoptosis through the inactivation of 
T(3RII and possible blockade of the DAXX signaling pathway. 

In the mitochondrial pathway TGP-[3 receptors activate apoptosis via a newly discov- 
ered protein called ARTS (apoptosis-related protein in the TGP-(3 pathway). The ARTS 
protein was recently described as a mitochondrial related protein that down-regulates 
inhibitors of apoptosis proteins (lAPs) that negatively regulate the caspase cascade lead- 
ing to apoptosis. Upon TGE-(3 treatment, ARTS induces caspase-3 by down regulation 
of an lAP called XIAP (8,9). In summary, these data indicate that TGE-(3 is involved in 
mediating apoptosis through several mechanisms via both the death receptor and mito- 
chondrial pathways. 

6. TUMOR PROMOTING EFFECTS OF TGF-p 

Evasion of TGE-P induced growth arrest and apoptosis is an early event during 
tumorigenesis. However, later, these same tumors often use the TGE-P pathway to their 
advantage during tumor progression. An example of this type of dichotomy is seen in 
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human breast carcinoma. Frequently, cells derived from breast carcinomas express the 
TGF-[3 ligand, yet are refractory to TGF-(3 mediated growth inhibition (80-82). This 
suggests that these cells have abrogated the growth inhibitory function of TGF-(3, but 
retain the signaling pathways that lead to increased tumor invasiveness. Many studies 
have shown that increased levels of TGF-(3 expression during later stages of breast 
tumorigenesis correlates with poor prognosis (83). Furthermore, it was observed that 
mice injected with MDA-MB-231 breast cancer cells expressing a dominant negative 
T[3RII receptor formed less bone metastases and showed prolonged survival (84). These 
studies suggest that tumors use TGF-(3 signaling during the later stages of carcinogen- 
esis as a selection advantage leading to metastasis. 

Mechanistically it has been proposed that TGF-(3 induces metastasis through increas- 
ing motility in epithelial cells. This phenomenon involves an epithelial to mesenchymal 
transition (EMT) and is thought to be a mechanism by which TGF-(3 increases cellular 
plasticity. Tumor cells may use this pathway to move away from the primary tumor site 
into the circulation, allowing tumors cells to metastasize and become established at a sec- 
ondary site (85). Studies have shown that TGF-(3 can induce morphological changes in 
nontransformed and transformed mammary epithelial cells through an EMT pathway. 
Cellular morphology changes from epithelial to mesenchymal in phenotype and key cell 
adhesion and cytoskeletal proteins are activated or repressed. TGE-(3 induced EMT is 
accompanied by actin cytoskeletal reorganization as well as up-regulation of the 
cytoskeletal marker vimentin. Eurthermore, TGE-(3 down-regulates the expression of the 
cell adhesion molecules E-cadherin and ZO-1 (86) (Eig. 4). 

Recently, the p38 mitogen-activated protein kinase (MAPK) pathway has been sug- 
gested to be critical for TGE-(3 mediated EMT. Bhowmick et al. (6) identified integrin- 
Pl as required for TGE-[3 to activate the p38MAPK pathway and induce EMT in 
mammary epithelial cells. These data were further verified by Bakin et ah (7) by demon- 
strating impaired TGE-(3 mediated morphologic cellular changes and decreased 
cytoskeletal reorganization in NmuMG cells upon treatment with a p38MAPK inhibitor, 
SB202190. These data support the model that TGE-(3 has the ability to induce cell motil- 
ity through promoting EMT. 

7. TUMOR PROGRESSION THROUGH AGTIVATION 
OF ANGIOGENESIS 

In addition to tumor induced cell motility, tumors acquire new blood vessels that 
allow tumor cells to receive nutrients and oxygen for growth. Moreover, vascularized 
tumors are more likely to extravasate into the blood stream resulting in tumor progres- 
sion leading to metastasis. Without tumor vascularization the growing tumor undergoes 
necrosis and has a more benign phenotype (87,88). The formation and maintenance of 
blood vessels is critical in tumor progression and an important step to target in anti- 
cancer therapies. 

There are two main cell types that are required for vessel formation, endothelial cells 
(ECs) and perimural cells. There are several distinct steps during angiogenesis (89,90). 
Eirst, angiogenic factors such as vascular endothelial growth factor (VEGE) are induced 
and activate a signaling cascade triggering angiogenesis. Matrix metalloproteinases 
(MMPs) are then activated and facilitate breakdown of the extracellular matrix (ECM). 
Endothelial cells then escape the capillary wall and migrate to the site of angiogenesis. 




Pre-canceroDS and cancerous Epithelial cells 




100 



tosis. As cells proliferate and acquire mutations they can either become transformed and begin to upregulate TGF-(3 and undergo morphologic changes. 
Through activation the p38/MAPK pathway and loss of adherens junctions epithelial cells undergo structural changes to a mesenchymal phenotype. 
Mesenchymal cells have increased motility and are more likely to metastasize. MMP, matrix metalloproteinase. 
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These ECs then release platelet derived growth factor [3 (PDGF-[3) that in turn recruits 
pericytes and smooth muscle cells (SMCs). The SMCs then migrate to cover the vessel 
tube created hy endothelial cells. In the resolution phase the SMCs cover the newly 
formed tube and stop proliferating upon differentiation, thus completing the newly 
formed blood vessel (89,90). TGF-(3 primarily acts during the later stage of angiogene- 
sis, in the resolution phase. TGF-(3 is thought to induce differentiation of the precursor 
perimural cells into pericytes and SMCs. The pericytes and SMCs have been suggested 
to act as stabilizers through the inhibition of proliferation and migration of the ECs form- 
ing the vessel tube (89,91). Recently, interleukin-3 (IF-3) was shown to play a critical 
role in EC-mediated SMC recruitment through increasing the activity of TGF-[3 (92). 
Together these data strongly support the role of TGF-(3 in blood vessel stabilization. 

Several mouse studies have further demonstrated the importance of the TGF-(3 pathway 
in angiogenesis. Mutations in the TGF-fil, TfiRI, and TfiRII genes lead to death in mid- 
gestation of developing embryos owing to defects in vasculogenesis and blood vessel 
integrity (93-95). These data support the role of TGF-[3 as a critical player during vascu- 
larization. Furthermore, TGF-(3 recruits the angiogenic factor VEGF that is involved in 
tumor vascularization (96-98). TGF-(3 secondarily affects angiogenesis by acting as a 
chemoattractant for monocytes that release other angiogenic cytokines (99). TGF-[3 induc- 
tion of angiogenesis is correlated with cancer progression as seen in human cancers. In 
NSCEC increased TGF-(3l protein levels were strongly associated with microvessel den- 
sity of the tumor and poor patient prognosis (100). Together these data show that TGF-(3 
can regulate angiogenesis at many levels during development and carcinogenesis. 

8. TUMOR PROGRESSION VIA TGF-p IMMUNE SUPPRESSION 

Another mechanism of TGF-(3-induced tumor progression is immune suppression. 
The immune system is critical in fighting tumor development and tumor growth. 
However, tumors often have several mechanisms to avoid immune surveillance. One 
mechanism is to negatively regulate key players that would lead to an immune response. 

TGF-[3 has been shown to negatively regulate the functions of both cytotoxic T-cells 
and natural killer (NK) cells allowing tumors to evade immunologic cell death (101). 
These observations were demonstrated in experiments using TGF-(3l cDNA to over- 
express TGF-(3l in a highly immunogenic tumor cell line. TGF-(3 expression resulted in 
abrogation of the host T-cell mediated cytotoxic response thus allowing tumor growth 
( 102 ). Other studies validate the importance of TGF-[3 in immune surveillance by block- 
ing the TGF-(32 ligand from activating T(3RI and T[3RII. Using antisense TGF-(32 
injected into rats with gliomas, researchers examined tumor regression. Results indi- 
cated a three- to fourfold higher incidence of cytotoxic T-cell response in rats injected 
with the antisense TGF-(32 than rats injected with a control vector. Furthermore, the 
tumors from the TGF-[32 injected rats were drastically reduced in size compared with 
the control rats (103). These data suggest that loss of TGF-(3 mediated immunosuppres- 
sion allows for increased tumor cell death by cytotoxic T-cells. 

Additional studies have suggested that not only does TGF-[3 repress cytotoxic effec- 
tor cells but that TGF-(3 may also activate a distinct type of T-cell that has immunosup- 
pressive capabilities. Sakaguchi et al. (104) were first to identify CD4"'' T-lymphocytes 
that constitutively express the CD25 marker. These specialized T-lymphocytes are 
recognized as potent immunosuppressor cells. TGF-(3 has been suggested to positively 
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regulate these CD4VCD25''' T-cells as demonstrated in experiments that have blocked 
TGF-(3l expression and reversed the repressive phenotype of these CD4'^/CD25''' T-cells 
in a dose-dependent manner. In addition, the CD4VCD25"'' T-cells have been shown to 
produce increased levels of T[3RII on the cell surface as well as the TGF-(3 ligand. 
CD4VCD25''‘ are thought to initiate cell contact with CD4+ or CDS'*' cells via T[3RII and 
inhibit the immune response of these T-lymphocytes (105). Recent data have demon- 
strated that CD4VCD25''' T-cells also block the antigen-presenting dendritic cells (106). 
These regulatory CD4'^/CD25''‘ T-cells are generally associated with suppression of self- 
reactive T-cells thus blocking autoimmune diseases. However, CD4VCD25''' T-cells are 
now being correlated with cancer progression via the blockade of the host-immune 
response to tumors. Increased CD4VCD25''' T-cell expression has been correlated with 
colon, breast, pancreas, and lung carcinomas (107-109). 

9. TGF-p AND THE STROMAL ENVIRONMENT 

The TGF-(3 signaling pathway is a complex network of signals that produce different 
outcomes depending on the cell type. In epithelial cells, as we have discussed, TGF-[3 
primarily acts as a growth suppressor. However, in many fibroblasts TGF-[3 acts as a 
mitogen and promotes cellular growth. During tumorigenesis epithelial and stromal 
fibroblasts are important partners in tumor progression. The majority of cancers arise 
from an epithelial origin; however, it is the stromal cells that are essential for epithelial 
maintenance. Upon induction of carcinogenesis, either by oncogenic mutations or loss 
of tumor suppressors, epithelial cells change. In addition, the stromal environment sur- 
rounding the newly formed epithelial cancer also changes to create a permissive and 
supportive environment (110). One of the key cytokines involved in stromal remodeling 
is TGF-p (Fig. 5). 

Tumor derived TGF-(3l has been implicated as an important molecule involved in 
directly differentiating stromal fibroblasts into myofibroblasts both in vitro and in vivo 
(111). Myofibroblasts facilitate tumor progression through increased proliferation, 
increased extracellular matrix (ECM) remodeling, and acquisition of smooth muscle 
cell phenotype allowing greater motility (112,113). Frequently, myofibroblasts are 
located at the invasion front of growing tumors as observed in colon, skin, breast, liver, 
lung, prostate, pancreas, and squamous carcinomas and contribute toward invasiveness 
(114-121). Cross-talk between the tumor and stroma has been demonstrated through 
direct cell-cell contacts and through the release of cytokines and other important fac- 
tors that constitute the tumor microenvironment. Tumor-stromal communication is crit- 
ical to the survival of the tumor and its ability to metastasize (110). 

An example of tumor-stromal communication has recently been demonstrated in 
human melanomas that constitutively express TGF-(3. Berking et al. (115) suggest that 
melanoma cells can directly modulate their microenvironment through the activation of 
the cytokine TGF-(3 to remodel the stromal compartment via changes in MMP and extra- 
cellular matrix proteins. Their data show that paracrine effects of TGF-(3 are associated 
with increased ECM deposition and decreased tumor necrosis and apoptosis. The TGE-(3 
induced ECM-rich stromal cells are suggested to act as a scaffold for the tumor cells, 
resulting in increased migration and metastasis. In addition, studies of cervical cancer val- 
idate the assumption that tumors cells can modulate their stromal environment through the 
production of TGE-(3. Hazelbag et al. (122) demonstrated that tumor-derived TGE-(3 
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Fig. 5. TGF-P mediated epithelial and stromal interactions. (A) Tumor cells modulate their environment by altering the surrounding stromal cells. Altered 
stromal cells facilitate a more permissive tumor environment by promoting angiogenesis, immune-evasion and scaffolding for tumor invasion. (B) In addition, 
stromal cells lacking TGF-P signaling can influence the carcinogenic potential of adjacent epithelial cells via secretion of HGF, hepatocyte growth factor. 
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increases the deposition of the ECM proteins collagen IV, fihronectin, and laminin. The 
increase in ECM proteins was correlated with PAI-1 expression to verify TGE-[3 signal- 
ing and decreased staining for inflammatory cells. These data suggest that TGE-(3 can 
enhance immune evasion through increasing the amount of stroma surrounding the tumor. 

Recent studies have further elaborated on the tumor-stroma cross-talk paradigm. 
Bhowmick et al. (123) has demonstrated that loss TGE-(3 signaling in fihrohlasts can 
modulate epithelial cells hy increasing their proliferation and carcinogenic potential. 
Mice were generated that conditionally knocked out the Tgfbrl gene in the fihrohlasts. 
Homozygous T[3RII null mice developed intraepithelial neoplasia in the prostate and 
invasive squamous cell carcinoma of the forestomach. Eurther experiments suggest that 
fihrohlasts, through paracrine activation of the hepatocyte growth factor (HGE), con- 
tributed to cancer progression in these mice through an increase in proliferation of the 
adjacent epithelial cells. These data show that not only can epithelial tumor cells mod- 
ulate their stromal environment but that the stroma has the potential to induce epithelial 
tumor potential. 

10. THERAPEUTICS FOR TGF-p RESPONSIVE CARCINOMAS 

A major goal in treating TGE-(3-regulated tumors is to restore the suppressive proper- 
ties of the TGE-[3 signaling pathway while blocking the multitude of tumor progressive 
effects. Given that tumors evade the tumor suppressive mechanisms of TGE-[3 differently 
it is essential that cancers be categorized into specific subgroups. For example, studies 
have shown that increased TGF-(3l in mouse models display varied results depending on 
the specific oncogene that is co-expressed. Data from MMTV-TGF-a x MMTV-TGF-[3l 
mice suggests that TGF-[3l is dominant over the oncogene TGF-a as demonstrated 
by lower tumor incidence than MMTV-TGF-a mice (14). However, other TGF-(3l trans- 
genic mice display different outcomes. MMTV-c-neu x MMTV-TGF-(3l and MMTV- 
PyVmt X MMTV-TGF-(3l mice develop the same number of tumors as mice expressing 
the oncogenes neu and PyVmt alone (124,125). These data suggest that TGF-(3l associ- 
ates with different factors during carcinogenesis depending of the context of the genetic 
mutations in the host. Thus, exogenous TGF-(3l as a therapeutic agent would be extremely 
context dependent. In addition to cooperation with certain oncogenes, TGF-(3 is tumor 
promoting during later stages of cancer progression. Therefore, analysis of tumor charac- 
teristics before administering exogenous TGF-(3 would be necessary. In sum, the use of 
exogenous TGF-(3l as a therapeutic agent for cancer treatment would be circumspect. 

Other mechanisms of restoring TGF-(3 tumor suppression are through augmentation 
of the TGF-P signaling pathway by chemicals that mimic or cooperate with TGF-P sig- 
naling components. Several studies have used small molecule inhibitors that secondar- 
ily up-regulate TPRII expression. Given that many tumors decrease TPRII expression 
during tumor promotion these molecules have potentially interesting therapeutic prop- 
erties. Some of the most promising molecules are histone deactylase inhibitors 
(HD AGs) and farnesyl transferase inhibitors (FTIs) (126,127). Another potential mole- 
cule is rapamycin and its derivatives RADOOl (Norvartis) and CCI-779 (Wyeth- Ay erst). 
These molecules are associated with restoring TGF-P growth suppression in cancer cell 
lines that were previously resistant to TGF-P growth arrest. Mechanistically, rapamycin 
cooperates with Smads and, in concert, inhibit cdk2 activity. Foss of cdk2 activity 
results in increased p21 and p27 cdk inhibitor proteins that block cell-cycle progression 
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Fig. 6. TGF-(3 therapeutic targets. A simplified schematic showing where known therapeutics target 
the TGF-(3 signaling pathway. Therapeutics are shown in black boxes with a star. 

( 128 ) . Thus, rapamycin has been shown to block autonomous tumor proliferation and 
restore TGF-(3 sensitivity (Fig. 6). 

Another approach is to target the tumor promoting effects of TGF-[3 signaling. 
A number of antagonists have been identified and are in various stages of study. Several of 
the antagonists focus on depleting the amount of TGF-(3 ligand that is able to bind 
and activate the receptors. Antibodies that have been designed to block the TGF-(3 
ligand include CAT-192 (Genzyme/CAT), CAT-152 (Genzyme/CAT), sT(3RIl/Fc (Biogen), 
ID 1 l(Genzy me/CAT), and 2G7(Genetech). In addition the TGF-(3 receptors have been tar- 
geted. The T(3RI antagonists have been developed by various companies focusing on small 
molecule T[3RI kinase inhibitors designated SB-431542 (GlaxoSmithKline), NPC 30345 
(Scios, Inc.), and LY364947 (Lily Research). T(3RII antagonists include antisense T(3RII 
(Antisense Pharma) and a recombinant soluble T[3RII (for review, see Reference 125). 
Moreover, accessory proteins in the TGF-(3 receptor complex have become targets for 
blocking TGF-(3 induced tumor progression. One is the pleiotropic cytokine endoglin that 
is critically involved in angiogenesis. Recently it was shown that anti-CD 105, an anti- 
endoglin monoclonal antibody, successfully blocks angiogenesis and tumor growth in vivo 

(129) . In contrast to blocking TGF-[3 signaling through antagonist, other studies have 
shown that restoration of TGF-(3 signaling is beneficial. Duda, et al. (130) show that 
restoration of the TGF-(3 pathway by restoration of Smad4 expression via gene therapy 
reverses the invasive phenotype in pancreatic adenocarcinoma cells. 

The diversity of biologic responses of cancer cells to the TGF-(3 signaling pathway 
dictates that any therapeutic approach is context dependent. As stated earlier, it is 
extremely important to categorize tumors by their biologic response to TGF-[3, as restor- 
ing signaling may promote carcinogenesis in some tumor types while inhibiting tumor 
progression in others. Moreover, the consideration of specificity of the therapeutic is an 
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important issue given that TGF-(3 normally is required to maintain tissue homeostasis. 
Overall, the significance of TGF-[3 signaling in carcinogenesis is unquestionable, how- 
ever; the best therapeutic approach still requires more study and a deeper understanding 
of the roles TGF-[3 plays in cancer progression. 
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1. INTRODUCTION 

The interleukin (IL)-I extended family (IL-lFx) of beta trefoil cytokines now 
includes a total of 1 1 members, many of which have been identified as being produced 
by dendritic cells (DC)s and acting on natural killer (NK) and T-cells. Their major role 
in immunity remains not fully explored but based on expression data and studies done 
over the last two decades it is expected that they are important for the initial critical 
events in NK cell/DC and T-cell/DC interactions, serving as cytokine danger signals or 
Signal Os alerting the host to damage or injury. They are likely important, following the 
delivery of antigen/MHC Signal 1 and B7/CD28 Signal 2s during polarization (Signal 3) 
of the immune response and during the effector phase, as potential Signal 4s associated 
with tissue specific signaling and homing, driving either inflammation or healing and 
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the fibroblastic response, mediated by IL- 1 (3 during the effector phase of the immune 
response as Signal 5s (1,2). Alternatively they deliver activation signals across the 
immunologic synapse to T-cells and NK cells (3-9). A careful analysis of these factors 
and their role in NK cell/DC cross talk has not been performed, although analysis of 
these individual dendrikines in murine models and in vitro human studies suggest that 
at least IL-18 and a novel factor, IL-lF7b may play important antitumor roles. We will 
carefully extend observations with these IL-ls to other family members (IL-lFx), deter- 
mine how they and their inhibitors regulate NK/DC interactions, and promote the adap- 
tive immune response to tumor. 

2. IL-1 FAMILY MEMBERS 

The role of the IL- 1 family members in the initiation of immunity has been recognized 
for quite some time (10-13). Recently, several new members have been added to the (3 
trefoil IL-1 family, many of them identified as products of activated DCs. Four new IL-1 
homologues termed IL-1H1(IL-1F9), IL-1H2 (IL-1F8), IL-1H3(IL-1F5), and IL-1H4 
(IL-1F7) were identified at SmithKline Beecham (14,15) as well as at Immunex (16). 
Three more recent additional factors (17), brings the total number to eleven (with the addi- 
tion of IL-33, see the following). The exon/intron structure and exon splicing of these 
novel members is shown in Fig. 1 as well as their accession numbers. The precise func- 
tion of these and other new members and what their role might be in the initiation or main- 
tenance of the immune response remains unclear. The IL-1 family members are 
proinflammatory cytokines that initiate the innate immune response by activating a set of 
transcription factors including NF-kB and AP-1 (18). The better-studied members of the 
IL-1 family IL-lFl(IL-la), IL-1F2 (IL-1(3), IL-1F3 (IL-IRA), and IL-1F4 (IL-18), as 
well as the fibroblast growth factors are structurally related as (3 trefoil cytokines (19-21) 
that are secreted without signal peptides and do not follow the typical secretion pathways. It 
has been hypothesized that only apoptotic cells producing IL-1 and IL-18 can release these 
cytokines into the local milieu (21) but this appears only to be associated with caspase-1 
activation. Recently, secretion of IL-1 (3, IL-18, and likely other family members in the 
form of rapidly shed microvesicles budding off of the plasma membrane has been identi- 
fied as a method for secretion and this appears to be true for other members of the IL-1 
family including IL-18, as well as the novel factor high mobility group 1 (HMGBl) 
released during necrotic cell death and secreted by activated monocytes (3-6,9). 
Interestingly, IL-1 (3 and IL-18 secretion by DCs occurs via exocytosis of pro-IL-ls con- 
taining secretory lysomes which are calcium dependent and induced by antigen specific 
interactions with T-cells. This group also demonstrated that CD40 ligation by CD4-I- cells 
will induce secretion but not the reduction in intracellular IL-l/lL-18 which requires 
another, presumably antigen specific signal delivered by CD8-I- cells. Release of IL-1 is 
mediated by signals other than activation of caspase 1(4). IL-18 is constitutively produced 
by DCs but its synthesis and secretion are not affected by stimuli inducing maturation (8). 

2.1. IL-lFl andIL-lF2 

IL-1 a and IL-1 (3 bind the type I IL-1 receptor (IL-IR) with subsequent recruitment 
of a signaling component, the IL-IR accessory protein (IL-lRacp [22,23])-, both are 
potently secreted by DCs (23). IL-1 (3 can increase CD40L-induced cytokine secretion 
by monocyte-derived DC, CD34"'‘-derived DC, and peripheral blood DC and secretion 
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Fig. 1. IL-1 family members. 



is increased in response to bacteria, CD40L, and IFN-y (24-26). Interestingly neither 
CDSd^-derived DC nor peripheral blood DC produce IL- 1 (3, distinguishing these DCs 
in an important way. Similar signaling through a unique pair of cellular receptors but 
apparently common intracellular events is found in IL-1 8 (27). After the complex forms, 
a common adapter molecule My88 binds to the cytosolic portion of the IL-IR, which in 
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turn activates IRAK to phosphorylate TRAF-6 and distally IkB kinase (IKK). IKK 
phosphorylation of IkB, results in release of NF-kB and transport to the nucleus. 
Downstream NF-kB then promotes cell survival and effector functions including secret- 
ing several other proinflammatory cytokines. 

2.2. IL-1F3 and IL-1F4-F10 

IL-1F3 (IL-IRA) also hinds the type I receptor hut does not recruit IL-lRacp, thereby 
preventing signaling hy IL-lFl (IL-la) or IL-1F2 (IL-1(3) ( 28 , 29 ). The type II IL-IR is 
a molecular decoy of IL-1 activity, binding IL-1 without signaling ( 30 - 32 ). IL-1F4 (IL- 
18) is a T helper type 1 (Thl) inducing dendrikine promoting IFN-y production from 
T-cells, B-cells, and NK cells, especially in synergy with IL-12 ( 33 - 35 ). IL-1F4 (IL-18) 
has a similar signaling pathway to IL-la and IL-1 (3 but uses its own unique receptor, 
IL-IR related protein (IL-lRrp) and a nonbinding chain, IL-IR accessory protein-like 
(IL-lRAcPL) cell surface molecule, both members of the IL-IR family ( 27 , 36 ). Anti-IL- 
IRAcPL mAh inhibited the IL-18-induced activation of NF-kB and the subsequent pro- 
duction of IFN -y by Th 1 cells ( 37 ). Quantitative PCR revealed that Th 1 but not Th2 cells 
co-express IL-lRrpl and IL-lRAcPL. The six additional novel IL-1 family members 
identified expand the IL-1 family to 10 members (IL-la, IL-1(3, IL-lra, IL-18, IL-lHl, 
IL-1H2, IL-1H3, IL-1H4, FILle, and IL-1HY2) ( 15 , 38 - 43 ). Interestingly, the novel 
genes form a cluster with the other IL-1 family members on the long arm of human chro- 
mosome 2. The most distantly related members of the family, both IL-18 and its binding 
protein, are located on the long arm of human chromosome 11 ( 43 ). Very limited infor- 
mation exists about the other novel IL-lFxs. IL-1F5 does not bind IL-IR but rather 
antagonizes the NF-kB inducing activity of IL-1F9 ligand signaling through the IL-1R6 
( 37 , 44 ). IL-1F9 is constitutively expressed in the placenta, skin and the squamous epithe- 
lium of esophagus. It is induced in vitro in keratinocytes following IFN-y and TNF-a 
treatment. IL-1F8 has been detected in human bone marrow, tonsil, heart, placenta, lung, 
testis, and colon. As would be expected with a proinflammatory cytokine, IL-1F7 expres- 
sion is upregulated by PMA treatment of PBMC. IL-1F7 specifically binds the IL-18 
receptor with low affinity, but does not bind the putative IL-18 receptor accessory pro- 
tein IL-lRacpL, suggesting the possibility of yet another co-receptor waiting to be iden- 
tified. We have tested the IL-1F7 by creating adenoviral vectors expressing the mature 
cleaved form ( 45 ). The cytokine’s activity is diminished only in IL-12 deficient mice but 
not in nude mice, SCID mice, NKT cell-deficient, IFN-y, or Fas ligand deficient mice. 
Thus IL-1F7 mediates a mix of IL-12 and IL-1 8-like effects, placing it potentially more 
proximal in the inflammatory cascade. IL-1HY2 (IL-IFIO) is expressed in skin and acti- 
vated B-cells of human tonsil. IL-1HY2 binds to the sIL-lRI demonstrating the profound 
interaction of these closely related members of the IL-1 family. 

2.3. IL-1F4 (IL-18) 

IL-18 is a distantly related member of the IL-1 family, first identified as an IFN-y 
inducing factor ( 46 - 50 ). It is upregulated in mature DCs ( 51 ) and present as proIL-18 
in monocytes and immature DCs (iDCs). Mature DCs restimulated by soluble CD154 
and IFN-y, as would occur during interaction with T-cells, produce less IL-12 and more 
IL-18 than iDCs. Increased expression of IL-18 has been observed in several autoim- 
mune diseases including rheumatoid arthritis ( 52 ) synovium (where it may induce 
fibroblast chemokine production), hemophagocytic lymphohistiocytosis ( 53 ), herpes 
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hominis virus six (HHV6) infection (54), sarcoidosis (55), experimental myasthenia 
gravis (56), tumors including squamous cell cancers and melanomas of the skin (57), 
gastric cancers (58), cutaneous T-cell lymphoma and NK cell lymphoma (59), and in the 
unstable plaques of patients with atheromatous lesions (60-62). In experimental models 
of atheroma, expression of the IL-18BP prevents plaque progression and rupture. 
IL- 1 8 has modest effects hy itself hut in concert with individual cytokines present dur- 
ing an immune response modulates both Thl and Th2 responses. IL-18 is elevated in 
the serum during bacterial infections, particularly those affecting the liver (63) and dur- 
ing acute graft-vs-host disease (GVHD) (64). In the setting of a murine bone marrow 
transplantation model, blockade of IL-18 accelerates mortality whereas administration 
of IL-18 reduced serum TNF-a and LPS levels and resulted in improved survival only 
in animals with normal FasL suggesting that IL-18 modified the survival of self-reactive 
donor T-cells. Whether DCs use IL-18 to promote their own survival during the initia- 
tion of an immune response is conjectural. IL-18 appears to be even more potent than 
either IL-12 or IFN-y for protection against Listeria, enhancing bacterial clearance in 
the complete absence of IFN-y but in its presence promoting the optimal Thl response 
(65). An IL-18 binding protein located on the same chromosome and produced largely 
by the same cells with several pox virus homologues has also been identified (66-69). 
Our studies suggested that the antitumor effects of IL-18 were mediated by critical 
interactions of T-cells, NK cells, and DCs (70). 

2.4. IL-1F5 (IL-1H3/FILWIL-1H3/IL-1RP3/IL-1L1/IL-18) 

Concurrently identified by multiple groups (16,38,39,44,71-76), it was suggested 
that IL-1F5 like IL-lRa, is an antagonist but recent crystallization studies and evalua- 
tion of critical loop structures compared with IL-1(3 and IL-lRa, suggest that it is an 
agonist (77). IL-1F5 message is highly abundant in embryonic tissue and epithelial tis- 
sues (i.e., skin, lung, and stomach) as well as spleen, lymph node, tonsil, bone marrow, 
fetal brain, leukocytes, and various human cell lines (77). RT-PCR from isolated skin 
cells revealed that only keratinocytes but not fibroblasts, endothelial cells, or 
melanocytes expressed IL-1F5 and IL-1F9, with IL-1F5 10 times greater than IL-1F9 
(44). Keratinocyte stimulation with IL-l(3/TNF-a significantly up-regulated both IL-1F5 
and IL-1F9 ruRNA. Although NF-kB activation through IL-lRrp2 was claimed for IL-F9, 
this was antagonized by IL-F5. In psoriatic skin increased mRNA expression of both 
IL-1F5 and IL-F9 as well as IL-lRrp2 are increased when compared with healthy skin. 
Thus IL-1F5 and IL-1F9 may be important in the skin suggesting a potential unique role 
for the other IL-1 homologues within other epithelia. 

3. DEMONSTRATION OF THE ROLE 
OF HMGBl/RAGE INTERAGTIONS 

HMCB 1 protein is a critical nuclear protein, loosely associated with chromatin serv- 
ing to cause DNA binding and bending, enhancing access to a variety of transcriptional 
factor complexes. Following acetylation on abundant lysine residues within the nuclear 
localization signals, HMCB 1 can be translocated to the cytosol and be actively secreted 
by activated monocytes. Within the cell nucleus it promotes protein assembly, for exam- 
ple with the steroid/steroid receptor complex. Outside the cell, it binds with high affin- 
ity to RAGE (the receptor for advanced glycation end products), as well as TLR2 and 
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TLR4, potently enhancing inflammation (78-81). HMGBl is secreted by activated 
macrophages, and is released passively by necrotic cells. HMGB1“^“ necrotic cells have 
a greatly reduced ability to promote inflammation (9). Apoptotic cells do not release 
HMGB 1 and bind it firmly to chromatin. Interestingly, cells undergoing apoptosis are 
limited in their ability to release this molecule. Activation of myeloid cells results in the 
redistribution of HMGB 1 from the nucleus to the cytoplasm within organelles, presum- 
ably endolysosomes. Interestingly this is characteristic of both IL-1 and IL-18 as well 
although their secretion is induced earlier by ATP. Human DCs release IL-1 (3 following 
specific interaction with alloreactive T-lymphocytes following induction of intracellular 
calcium increases (3-9). Specific CDS''' T-cells generate a Ca''^ influx in DCs with 
enrichment in endolysosomes containing IL-1 (3 and cathepsin D at the immunologic 
synapse with T-cells, allowing polarized delivery to the T-cell. Interestingly, HMGBl 
secretion is generated later in the inflammatory setting (9). Many studies have evaluated 
biochemical, immunologic, or other quantitative blood assays that might reflect the 
prognosis of patients with cancer ( 82-100). We have recently demonstrated that HMGB 1 
can be detected in the serum of advanced cancer (melanoma, colorectal, and pancreatic 
cancer) patients to levels far exceeding that observed in normal patients with sepsis 
where such elevations have previously been identified. HMGBl has recently been 
reported by Anna Rubartelli’s group to be released into the immunologic synapse (per- 
sonal communication, submitted) with DCs and our group and that of Bianchi and 
Tracey have reported that HMGBl directly matures myeloid DCs ( 101-102). 

4. SIGNAL TRANSDUCTION IN DCs FOLLOWING 
INTERACTION WITH IL-IFX 

DCs react to changes in their environment in various ways. Depending on the stimulus 
and developmental stage, DCs may proliferate, differentiate, mature, perform various 
effector functions including the release of dendrikines or mediate cytolytic activity, or ulti- 
mately, die an apoptotic death. The information from the environment is received via var- 
ious receptors expressed on the cell surface. Binding of a ligand to its cell surface receptor 
creates a signal that is in turn transmitted to the cell nucleus by specific intracellular 
agents. The signal transduction pathways usually include various protein kinases and tran- 
scription factors, which regulate the gene expression in the cell. Signals can be mediated 
by soluble ligands or counter-receptors expressed on cells including NK cells, and many 
of these drive NFkB signaling pathways, promoting cell activation and survival. 

NF-kB represents a group of five structurally related proteins (c-Rel, RelA, RelB, 
NF-kB 1, and NF-kB 2) which play a critical and evolutionary conserved role in the 
triggering of both innate and adaptive immune responses in a variety of different cells. 
The genes regulated by NFkB include cytokines (IL-1(3, IL-2, IL-6, IL-12, TNF-a), 
molecules important for adaptive immune responses (MHC-antigens, T-cell costimula- 
tory molecules), chemokines (IL-8, MIP-la, RANTES), adhesion molecules (ICAM, 
VCAM and E-selectin), and several acute phase proteins (103,104). Although recent 
evidence suggests that there is a continuous transit between cytoplasmic and nuclear 
NE-kB, a classic paradigm is that in resting cells NE-kB is bound to IkB and retained 
in the cytoplasm (105). NE-kB activating signals result in activation of a specific IKK. 
Phosphorylated IkB is rapidly degraded by the proteasome, thereby freeing NE-kB, 
which in turn enters the nucleus, binds to DNA and activates transcription. 
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The NF-kB family of transcription factors has turned out to he very important, par- 
ticularly for DC development and function. Of these RelB is crucial for the development 
of myeloid DCs. RelB -deficient mice lack thymic DCs, have greatly reduced number 
of myeloid splenic DCs and impaired antigen presenting function ( 106 , 107 ). Increase 
in expression and nuclear translocation of RelB is correlated with DCs activation, mat- 
uration and function ( 108 - 110 ). Activation of the NF-kB pathway in DC can he T-cell 
dependent (CD40-CD40L, RANK-RANKL) or independent, in which case signals are 
transmitted to DCs via “danger” mimics including LPS (hinds toll-like receptors in 
DCs), proinflammatory cytokines (IL-l/TNF-a), and necrotic cells. Specific inhibition 
of NF-kB translocation to nucleus in GM-CSF/IL-4 cultured immature DCs signifi- 
cantly reduced the LPS or TNF-a induced upregulation of CD80, CD83, CD86 and DR, 
and production of IL-12p70, demonstrating the importance of NF-kB pathway also in 
DC-function and maturation ( 109 ). 

Mitogen activated protein kinases (MAPKs) play important roles in cellular responses 
including growth factor-induced cell proliferation, differentiation and survival. Three 
groups of MAPKs have been identified in mammals: the extracellular signal-regulated 
protein kinases (ERKs), the c-Jun terminal kinases, and the p38MAPKs. These kinases are 
activated by upstream MAPKs ( 111 ). The ERK pathway appears mainly to respond to 
mitogens and growth factors that regulate cell proliferation and differentiation, including 
the IE- 1 family members. Transient low-magnitude activation of ERK favors proliferation 
and sustained high magnitude stimulation inhibits growth, perhaps through RhoA ( 112 ). 
Despite the presence of multiple mitogen-activated pathways, the temporally coordinated 
combination of just three is sufficient to drive cells through G1 and into S-phase ( 113 - 115 ). 
ERKs (and c-Myc) are critically required near the onset of G1 but are dispensable later on 
during the G1 phase, when the PI3K (phosphoinositide-3 kinase) pathway is required. The 
other MAPKs are predominantly activated by stress, such as osmotic changes and heat 
shock, but also by proinflammatory cytokines such as IE-1 (3 and TNF-a. The p38 MAPK 
pathway is involved in regulation of innate and adaptive immune responses, and promotes 
production of IE-12p70 in macrophages and DCs ( 116 ). p38 MAPK phosphorylates sev- 
eral downstream targets, but it may also interfere with the NF-kB signaling pathway. A sub- 
set of cytokine and chemokine genes responding to NF-kB are dependent on 
p38MAPK-mediated histone-H3 phosphorylation, which enhanced the accessibility of 
NF-kB binding sites located within their promoter region ( 117 ). Proinflammatory cytokines 
and agents (EPS, CpG-DNA) often activate p38MAPK in DCs and macrophages, to regu- 
late IE- 12 production and expression of several important T-cell costimulatory signals. 
Presence of p38MAPK inhibitors in DCs block the upregulation of CD80, CD83 and CD86 
in response to EPS, but not that of CD40 and HEA-DR ( 109 ). 

PI3K is a key mediator of many cellular responses, including the movement of 
organelle membranes, alteration of cellular morphology through rearrangement of 
cytoskeletal structures, cell growth and proliferation, survival, and chemotaxis ( 118 ). 
Similarly to NF-kB and p38MAPK, the PI3K-pathway is activated by lE-lFx, mitogens, 
EPS and apoptotic cells ( 119 ). PI3K phosphorylates Akt, which in turn promotes survival 
of DCs, but it also interferes with p38MAPK pathway in a negative fashion. In the pres- 
ence of PI3K inhibitors or in PI3K knock-out mice, p38MAPK activity was upregulated 
and IE-12 production enhanced ( 116 ). Together with p38MAPK, PI3K and NE-kB, ERK 
activity is usually upregulated in response to DC-activating/maturing factors. If DCs are 
activated either with TNE-a or EPS, ERK is upregulated, and cells undergo maturation. 
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However, if ERK specific inhibitors are present, DCs show increased expression of MHC- 
molecules, and costimulatory molecules, loss of mauuose-receptor-mediated eudocytic 
activity, NF-kB DNA biudiug activity, release of IL-12p40, aud IL-12p70 (120). 

5. INTEGRATED BIOLOGY OF IL-IFX IN GANGER 

We have beeu workiug quite diligeutly to study the immuuobiology of caucer, DCs 
aud NK cells as well as the critical role of IL- 1 family members for more thau 20 years. 
We have beeu defiuiug the peuultimate step of the initiation of adaptive immuuity, the 
critical iuteractious betweeu NK cells aud DCs. This was iu large part prompted by 
muriue studies doue here showiug that IL-18 auti tumor effects were NK cell depeudeut 
aud, based ou iu vitro studies, depeudeut ou DCs promotiug a specific T-cell respouse 
(70). Most receutly we have studied the IL-1F7 homologue (45), usiug what is for us 
couveutioual muriue tumor models aud demoustrated that it had, like IF- 18, rather iuter- 
estiug autitumor activity wheu admiuistered with au adeuoviral vector, promptiug us to 
cousider a more detailed aualysis of this cytokiue iu mau. Delivery of IF- 18 as a recom- 
biuaut proteiu or with adeuoviral vectors is associated with autitumor effects iu several 
advauced tumor models iucludiug MOPC315 plasmacytoma, the MC38 colorectal ade- 
uocarciuoma aud the methylcholauthreue iuduced sarcoma aud cau be abrogated by 
depletiug NK cells with auti-asialoGMl (Fig. 2). The immuuity is loug-lived aud aui- 
mals reject a subsequeut challeuge with tumor. Rejectiou of tumor is NK cell depeud- 
eut but NKT cell iudepeudeut; FasF depeudeut but perforiu iudepeudeut; aud both 
IF- 12 aud IFN-youly partially /miuimally depeudeut. We have evaluated IF- 18 iuitially 
at the Uuiversity of Pittsburgh at comparable doses to what we had used with IF- 12, i.e. 
up to Ipg/d for up to 7 d. Above, ouly wheu coupled with direct iujectiou of DCs, was 
IF- 18 as a geue therapy usiug adeuovirus successful iu elimiuatiug the local aud uuiujected 
tumor. These too showed margiual efficacy aud we theu evaluated high dose IF- 18 (Fig. 3) 
in a variety of tumor models iucluding the MOPC-315 plasmacytoma (121). This revealed 
profouud autitumor effects at doses of 10 |lg/d or greater aud surprisiugly, wheu treat- 
meut of this highly aggressive tumor was stopped, tumor recurreuce aud theu spouta- 
ueous regressiou occurred without additioual therapy. Based ou these aud other studies, 
dose escalatiug trials of rIF-18 to mau have receutly beeu completed aud phase II stud- 
ies beguu. luterestiugly Taqmau aualysis revealed a uumber of differeut cytokiues 
iuduced iu vitro that iucluded uot just IFN-y but also a 20- fold iucrease iu IF- la, 
IF-1(3, GM-CSF, IF-13, aud IFN-y after treatmeut of muriue spleuocytes or humau 
PBMC for 24 h. Based ou a series of kuockout auimals, we have established 
(63,122,123) that there is differeutial biology of IF- 12 aud IF- 18 with IF- 12 effects 
clearly more IFN-y depeudeut thau those of IF- 1 8. It also suggests that DC provisiou of 
IF- 12 aud presumably, later IF- 18, could mediate substautial syuergy iu euhauciug a 
Thl respouse with fuudameutally differeut effector mechauisms. Surrogate markers of 
respouse were limited but iucluded iucreased NK cell cytolytic activity from muriue 
spleuocytes aud iucreased ueopteriu couceutratious cousisteut with the evoked IFN-y. 
Wheu IF- 1 8 is delivered by adeuoviral vectors iu coujuuctiou with direct delivery of 
DCs iuto subcutaueous tumors of mice, both the iujected aud the uuiujected lesious 
regress, suggestiug that IF-18 aud DCs, possibly through euhauced IF-12 productiou, 
syuergize iu mediatiug autitumor effects. This is oue of uow several demoustratious 
from our group aud others showiug that iutratumoral iujectiou of DCs (124), wheu 
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Fig. 2. Abrogation of antitumor effects of rlL-18 by anti-ASGM-1 administration, which eliminates 
NK cells. 




Fig. 3. High-dose IL-18 induces regression of advanced MOPC-315 plasmacytoma. 

transfected with Thl promoting cytokines such as IL-12, IL-18 or expression of 
chemokines such as CCL19 or CCL20 ( 125 ) provides profound antitumor immunity. 

Delivery of the novel IL-lH4/IL-lF7h family member hy multiple injections of ade- 
noviral vectors encoding it is associated with tumor rejection. The biology of IL-1H4 
was poorly defined although it had initially been thought to regulate the Thl /Thl 
switch. Expression was limited to the spleen and tonsil and what appeared to be DC like 
cells at those sites. It is cleaved from a pro-peptide requiring cleavage by caspase 1 or 
4/45/. We created adenoviral vectors to express human IL-1H4/IL-1F7 and were able 
to demonstrate an appropriate broad band of the mature form by Western blotting 
(Fig. 4). In murine tumor models, we were able to demonstrate that a single injection of 
adenovirus expressing this cytokine was capable of mediating significant suppression 
when compared with the control Ad-T'S vector. When multiple injections were carried 
out, complete suppression of tumor growth was noted in two of five animals with rejec- 
tion in these animals of a subsequent challenge with tumor. Immunity is long-lived and 
animals reject a subsequent challenge with tumor. Rejection of the tumor is IF- 12, FasF, 
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Fig. 4. Western blot for IL-1H4. 



and IFN-y dependent but NKT cell independent based on knockout experiments. This 
suggests that this cytokine has unusual biologic effects and warrants additional investi- 
gation. Like many of the other novel IL-lFx members, this one has greatest homology 
with IL-IRA and preliminary data from another laboratory suggests that IL-1H4/IL-1F7 
may pair with the IL-18BP and interact with the IL-18R to inhibit IL-18 binding (S. 
Kumar, personal communication). Its physiologic role will need to be clarified by 
understanding its potential in human in vitro studies. 

6. IL-FX PROMOTED GENERATION 
OF SPECIFIC T-CEEE RESPONSES 

Murine coculture of T-cells, NK cells from nude mice spleen, tumor (MCA-205 or 
MC38), IL-18, and DCs cultured from CD4-I-, CD8-I-, B220 depleted bone marrow facil- 
itate generation of exquisitely specific T-cells recognizing tumor ( 70 ). Recapitulation of 
the events believed to occur in vivo with therapy in vitro with the MC38 colorectal car- 
cinoma or the MCA 205 sarcoma, the addition of IL-18, NK cells, DCs, tumor to naive 
T-cells is associated with rapid generation of extraordinarily tumor-specific T-cells. This 
requires the presence of each element of culture noted (Fig. 5A); elimination of any of 
them is associated with marked diminution in the resultant T-cell response. Human stud- 
ies have yet to be performed to replicate these findings and are planned in experiments 
with allogeneic and autologous human tumors. The cytotoxic activity of effector cells 
was examined from cocultures containing each of the various components, including live 
tumor cells, NK cells, DCs, T-cells, and IL-18. On day 4 of coculture, effector cells were 
collected and cytolytic activity was assessed against MCA205 cells at various E:T ratios. 
The data shown represent the mean ± SD of cytotoxicity. There is a statistically signifi- 
cant difference among the group that contained all components vs all others lacking an 
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Fig. 5. Enhanced cytolytic activity generated against murine tumors in an IL-18 dose-dependent man- 
ner. When coculturing DCs autologous naive T-cells, tumor, low concentrations of IL-2 (100 U/mL) and 
IL-18 (shown in ng/mL), against the MC38 sarcoma (left panel) or the NK-sensitive YAC-1 lymphoma 
(right panel), a dose-dependent enhancement of specific cytolytic activity was observed when cultur- 
ing from 10-250 ng/mL. Some nonspecific lysis was observed at the higher concentrations. 

individual element (**, P < 0.01 for all). In Fig. 5, panel B, effector cells were obtained 
from coculture separating either NK cells or DCs using a transwell system. On day 4 of 
coculture, effector cells were collected and cytolytic activity was assessed against 
MCA205 cells and the syngeneic NK cell sensitive target, YAC-1 cells at various E:T 
ratios. UC, upper chamber separated cells. Data represent the mean ± SD of cytotoxic- 
ity. There is a statistically significant difference between the group with no separation 
and a group with either NK cells or DCs separated (**, P < 0.01). Extraordinary speci- 
ficity of these T-cells was noted with minimal or no cytotoxicity against a large panel of 
H2 targets tested in a ^*Cr release assay but with appropriate blocking of specific cyto- 
toxicity when antibodies to H2K’’ were used but not H2K‘*. The development of this 
coculture system to initiate specific T-cells recognizing tumor targets has great potential 
utility with the ability to rapidly expand rare populations within naive T-cells, enabling 
potential application in antigen discovery strategies. It is critical that it now be tested in 
human culture systems. 

7. HUMAN IL-18 DRAMATICALLY SYNERGIZES WITH IE-2 
TO ENHANCE CYTOLYTIC ACTIVITY, IFN-y PRODUCTION, 

AND PROLIFERATION OF NEGATIVEEY SORTED 
FRESH HUMAN NK CEEES (126) 

This is associated with IL-18 induced upregulation of the IL-2Ra chain. 
Negatively separated human NK cells from normal healthy donors were cultured in 
the presence of IL-2 +!- IL-18 to evaluate ability to enhance NK cell cytolytic activ- 
ity, NK cell production of ILN-y, and proliferation. Substantial synergy in all assays 
was noted consistent with the ability of IL-18 to promote enhanced cytolytic activity 
with IL-2 and IL-12 as well (Lig. 6). Surprisingly little cytotoxicity is observed when 
one uses IL-18 alone. 

In the right panel (Lig. 6), synergistic proliferation of PBMCs and NK cells is noted with 
IL-18 and IL-2. In the middle panel of Lig. 6 is shown the synergy in ILN-y production. 
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Clearly enhanced NK cell function is noted with this comhination. Exploration of the 
comhination of IL-18 and the other IL-1 homologues with IL-2 to enhance NK for the 
purpose of interaction with iDC is based on the dramatic synergy observed with IL-2 
and IL-18. 

8. IL-18 CAN BE DETECTED AS WEEE AS THE IE-18BP 
IN THE SERUM OF PATIENTS WITH MEEANOMA, 
COEORECTAE CARCINOMA, AND SEVERAE OTHER TUMORS 

Serum or plasma for IL-18 and IL-18BP were measured using Origen Technology 
and an Origen analyzer in Pittsburgh. Primary antibodies against each cytokine allows 
coupling to Oritag, a ruthenium tribipyridyl compound, which will emit chemolumines- 
cence after being excited at the surface of an electrode. The benefit of this technology 
is a very low background and wide dynamic range. Normal donors {n- 19) had a mean 
+!- SD of 0.46 -I-/-0.541 ng/ruL of IL-18 and more than 50-fold greater IL-18BP with 
26.3 +!- 27.8 ng/mL. This contrasted with serum levels which were somewhat 
depressed in melanoma patients (n - 9), with IL-18 0.197 ng/mL and comparable 19.7 
+/- 22.4 ng/mL IL-18BP. When comparing serum IL-6, ILN-y, and TNL-a in the serum 
of 57 patients and controls measured here, it was clear that there was a direct correla- 
tion of IL-18 at levels >1 ng/mL with heightened levels of each of these cytokines, con- 
sistent with a relationship to inflammation. Interestingly if one examines LPS 
stimulation of total PBMC in 19 normal controls, IL-12 was only 2.3 pg/mL, IL-18 30 
pg/mL, IL-1 (3 of 603.1 pg/mL, and TNL-a of 76.5 pg/mL. This suggests an exuberant 
response for some of the proinflammatory cytokines to bacterial stimuli. In melanoma 
patients (127) recently treated with IL-12, enhanced serum levels of IL-18BP were 
observed at presentation ranging from 6-28 ng/mL to a high of 95 ng/mL after treatment 
with IL-12. Baseline levels and induced levels following treatment tended to decrease 
with time, coincident with diminished response to IL-12 (tachyphylaxis) and less of an 
increase in serum ILN-y levels. Thus, IL-18 and IL-18BP clearly circulate in normal 
individuals, in individuals with melanoma, and in stress. 

9. IL-1F5 MEDIATES ENHANCED CYTOKINE PRODUCTION 
AND CYTOLYTIC ACTIVITY AGAINST MELANOMA CELL LINES 

Interestingly, like our published studies with IL-1 (3 and IL-18, IL-1L5 enhances pro- 
duction of ILN-y with HMGBI and IL-2, whereas this was not apparent on repeated 
study with the other novel homologues. This has, interestingly, a partial dependency on 
IL-2 and an absolute dependency on the presence of HMGB 1 (this is endotoxin free by 
HPLC). As shown in Lig. 7, IL-1L5, like IL-la and IL-1(3, in the presence but not the 
absence (data not shown) of HMGB 1 promote production of IL-6 peaking at 20^4 h. 
In the presence of IL-2, ILN-y is also induced, suggesting a complex interaction of these 
cytokines, as we have shown requiring both a myeloid cell and NK cells (appendix; 
see ref. 128). We have recently received 10 carefully studied and prepared melanoma 
and melanoycte cell lines from the Wistar Institute. These are listed below: 451Lu 
(lung metastases; correlates with WM164), WM3211 (radial growth phase), WM1366 
(vertical growth phase), WM1232 (metastatic melanoma; familial melanoma), WM793 
(vertical growth phase melanoma), Sbcl2 (radial growth phase melanoma), WM35 
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Fig. 6. Synergy of IL-2 and IL-18 on negatively separated NK cells (ENK, enriched NK) and PBMC in 
cytolytic activity. ENK were cultured with 50 ng/mL of IL-18 and IL-2 or IL-10 at the concentrations 
alone. Both IL-2 and IL-12 (at doses comparably increasing gamma interferon production) increased 
cytolytic activity against the Daudi NK-sensitive target in a four ®*Cr release assay. 

(radial growth phase), WM9 (metastatic melanoma), WM115 (vertical growth phase), 
WM3248 (vertical growth phase), WM164 (also separate metastases) as well as two 
melanocyte lines. These have been expanded and are now characterized as to assess- 
ment of TRAIL receptors, BCL2, BCLxL, PUMA, NOXA, p53 hy Western hlot. 
Melanocytes are cultured in the presence of growth factors, hFGF, insulin (which sub- 
stitutes for the more expensive IGF-1), SCF (c-kit ligand), endothelin-3, and FCS. The 
melanoma cells grow only with 2% FCS and insulin and basal medium. This should 
enable us to compare lysis of primary, presumably apoptotic sensitive nonimmortalized 
melanocyte lines, cultured primary melanoma cell lines, and melanoma lines obtained 
from metastatic lesions. These have been carefully defined as to their growth require- 
ments, sensitivity to hFGF, and expression of ras/raf pathway mutations (129-133) by 
Meenhard Herlyn who kindly provided these well-characterized and studied lines. We 
have assessed release of HMGB 1 into the media spontaneously by these various cell 
lines (n - 2 melanocyte cell lines, 2 early melanoma cell lines, 2 metastatic melanoma 
cell lines; total of 6 MM lines) and, are using Western blots to assess the relative abun- 
dance of HMGBl within the nucleus (data not shown). 



We have prepared routine DCs with GM-CSF and IL-4 and demonstrated that they 
translocated NFkB by imaging cytometry in two different donors (nuclear to cytoplasmic 
translocation). The ability of IL-1 family members to modify the phenotype and function 
of DCs has now been tested in several experiments. IL-1 (3 and TNF-a separately or 
together, markedly enhance the mature DCl phenotype as defined by CD83, CD86, and 
class II expression. 



We have explored the application of the bioactive truncated B-box domain of HMGB 1 
(previously shown to contain the pro-inflammatory portion of the full-length molecule) 
for its capacity to modulate the inflammatory response in the context of in vitro cell 
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Fig. 7. Enhanced killing at low doses of IL-2 of melanoma cell line 451Lu by IL-1F5. Modest 
increases at 10:1 E:T ratio of cytolytic activity without IL-2 (red arrow) and at modest (100 U/mL 
IL-2) incubation. At higher doses of IL-2 (6000 U/mL), it is not possible to reveal greater cytolytic 
activity as measured in an LDH release assay. PBMC were incubated for 48 hrs before assay. 



cultures. We have shown that in comhination with IL-2, HMGBl can synergize with 
known modulators of IFN -y (IL- 1 a, IL- l(3,IL-18)inFig. 8. Shown are the day 1 and day 
5 results from two separate donors, representative of over 8 separate experiments. IL-12 
enhances the production of IFN-y from PBMC cultures, with the most profound effect 
seen with the comhination of IL-1 and IL-2 or IL-2 and IL-12. This effect is dependent on 
the presence of CD 14-1- cells and can he observed in cocultures of isolated CD 14-1- selected 
monocytes and negatively selected NK cells. In addition to enhancement of IFN-y produc- 
tion, we found that FIMCB 1 induces TNF-a from PBMC and shows significant synergy 
in conditions that contained IL-1 (3 (or IL-1 8) and IL-2. We speculate that in the presence 
of suitable pro-inflammatory mediators, HMGB 1 may serve to amplify adaptive inflam- 
matory responses mediated through monocytes/macrophages in vivo. We plan on exam- 
ining the critical role of FIMCB 1 released from target cells and contrast the role of NK 
cell and monocyte/macrophage/DCs to respond in the presence of IL-1 family members. 
Furthermore IL-2 and IL-1 8 or IL-2 and IL-12 provided a similar synergy with HMGBl 
stimulation consistent with this “danger” signal serving to enhance responsiveness to NK 
celFmacrophage autologous cocultures. Isolated, purified NK cells alone were not respon- 
sive to the addition of HMGB 1 . 



12. SUMMARY 

The understanding of the complexity of cytokines launched with the initial defini- 
tion of the prototypic IL-1 and IL-2, could not have foretold the disclosure of literally 
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Fig. 8. HMGB 1 enhances PBMC response with IFN-y production in response to proinflammatory 
stimuli (IL-l+IL-2). Left donorl. Right donor 2. 

hundreds of cytokines, now including 32 ILs, several TNF family members, chemokines, 
and defensins. The unusual aspects of the IL-1 family members detailed here include 
their ability to signal and initiate inflammation, promote the interface between the innate 
immune response and the adaptive immune response, and the specialized secretory lyso- 
some strategies employed to drive extracellular production of these cytokines. Emergent 
applications of these cytokines in cancer therapy include the apparent utility of IL- 1 8 and 
possibly IL-lF7b. Limiting production of some of the cytokines including IL-1 FI and F2 
may help prevent the initiation of chronic inflammation, reparative cell growth, and 
expansion of the neoplastic clones early in the process of cancer growth. Most recently, 
the novel IL-1 family member, IL-33, has been identified as the caspase 1-processed 
ligand for ST2, an orphan member of the IL-IR family, promoting Th2 responses 
(134,135). Targeting caspase- 1 itself may also have important pharmacologic roles. 
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1. INTRODUCTION 

Both interleukin-4 (IL-4) and interleukin- 1 3 (IL-13) are predominantly T-helper-2 
(Th2) derived cytokines and share many structural and functional characteristics with 
each other. Both cytokines are also shown to he produced hy mast cells and hasophils 
( 1 - 3 ). IL-4 was first identified in 1980s as a B-cell growth factor ( 4 ), and shown to 
mediate many effects on numerous cell types including T-cells, B-cells, monocytes, 
mast cells, endothelial cells, frhrohlasts, astrocytes, and osteoblasts ( 5 , 6 ). 

IL-13 was identified in 1990s and has also been shown to be produced by neu- 
trophils, dendritic cells, natural killer (NK), renal cell carcinoma, and Hodgkin’s Reed- 
Stemberg tumor cells ( 7 - 16 ). Unlike IL-4, IL-13 has not been found to have any effect 
on the growth and differentiation of T-cells. Similar to IL-4, IL-13 inhibits the produc- 
tion of inflammatory cytokines (including IL-1, IL-6, IL-10, IL-12, TNF-a, and GM- 
CSF); chemokines (including IL-8, MCP-3, MIP-1, and RANTES); upregulates MHC 
class II and CD23 expression on monocytes; enhances proliferative responses to anti- 
IgM and anti-CD40 antibodies; induces anti-CD40-dependent IgE class switch; and 
induces IgG and IgM synthesis in B-cells ( 1 - 3 , 7 , 8 , 17 - 21 ). These properties of IL-13 
were further confirmed in IL-13 transgenic and knockout mouse models ( 22 - 24 ). It has 
also been reported that IL-13 plays a role in various inflammatory diseases including 
bronchial asthma, allergic rhinitis, and atopic dermatitis ( 3 , 25 - 30 ). 

The biologic effects of IL-4/13 occur through specific plasma membrane receptors 
on target cells. IL-4/13 can mediate direct and indirect antitumor effects in vitro and in 
vivo. Recent studies have identified the role of IL-13 in tumor immune surveillance and 
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immunity. In this chapter, the role of IL-4/13 and their receptors in cancer and targeting 
of these receptors hy cytotoxins for cancer therapy is summarized. 

2. EFFECTS OF IE-4 AND IE- 13 ON CANCER CEEES 
AND THEIR ROEE IN CANCER THERAPY 

2.1. Effects of IL-4 on Cancer Cells and its Role in Cancer Therapy 

IL-4 has been shown to have significant antiproliferative activity against many 
human hematologic tumor cells including acute T-cell leukemia ( 31 ), acute lympho- 
cytic leukemia ( 32 ), chronic myelomonocytic leukemia ( 33 ), B-type chronic lympho- 
cytic leukemia ( 34 , 35 ), multiple myeloma ( 36 ), lymphoma ( 37 ), non-Hodgkin’s 
lymphoma ( 38 ), acute myelohlastic leukemia ( 39 ), and histiocytic lymphoma ( 40 ). 
Interestingly, IL-4 was also found to have mitogenic activity towards human T-cell 
leukemia cells ( 41 ) and B-type chronic lymphocytic leukemia (B-CLL) cells ( 42 , 43 ). 
In B-CLL cells, IL-4 was found to he a survival factor and inhibited apoptosis of these 
cells ( 42 , 44 ). 

IL-4 has direct antiproliferative activity against various solid tumor cancer cell lines 
including gastric cancer, renal cell carcinoma, lung cancer, malignant melanoma, and 
breast cancer ( 45 ^ 8 ). IL-4 was found to upregulate intracellular adhesion molecule- 1 
(ICAM-1) and potentiates the antitumor effects of TNF or IFN-y on a variety of tumor 
cell lines ( 49-52 ). The antitumor effects of IL-4 and IFN-y are mediated, in part, by nitric 
oxide production ( 53 ). IL-4 can also enhance androgen receptor-mediated prostate-spe- 
cific antigen (PSA) expression through the Akt signaling pathway, thus sensitizing these 
cells to an immune response in the host ( 54 ). Similar to some effects on hematologic can- 
cers, IL-4 can also stimulate growth of some head and neck cancer cell lines ( 55 ). Some 
cancer cell lines, such as thyroid cancer cell lines, can produce IL-4 and IL-10 and these 
autocrine cytokines can upregulate anti-apoptotic proteins resulting in resistance to 
chemotherapeutic drugs ( 56 ). A recent study has suggested that p73 (3- transfected tumor 
cells are sensitive to IL-4-mediated apoptosis ( 57 ). Taken together, in vitro studies sug- 
gest that IL-4 can mediate both antitumor and mitogenic activities on cancer cells. 
However, antitumor activities are predominant. Despite the realization of antitumor 
activities for the past 20 years, the detailed mechanism is still not completely known. 

IL-4 has also been found to have significant antitumor activity in vivo ( 6 , 48 , 58 , 59 ). 
IL-4 was found to enhance cytotoxic activity of tumor infiltrating lymphocytes (TIL) 
and antitumor effects in vivo ( 60,61 ). IL-2 upregulated IL-4 receptors in TIL enhancing 
their activity ( 62 ). Later, Tepper et al. demonstrated that antitumor activity of IL-4 was 
predominantly mediated by eosinophils and macrophages as these cells were found to 
infiltrate into the tumor mass ( 58 , 59 ). Additional studies demonstrated that host CTL 
also played a major role in tumor response ( 63 ). It has also shown that antitumor effect 
of IL-4 on rat glioma (9L) model could be reversed by dexamethasone ( 64 ). Based on 
these results, IL-4 was tested in a number of clinical trials as a single agent ( 65 - 71 ) or 
combination with granulocyte macrophage-colony stimulating factor ( 72 , 73 ) (Table 1). 
However, clinical trials using systemic or local IL-4 administration in patients with pri- 
mary and metastatic cancer did not exhibit promising results. 

Recently, Okada et al. have investigated the use of autologous brain tumor vaccine 
transduced with IL-4 HSV-tk gene (74) or IL-4-transduced fibroblasts ( 75 - 77 ). 
Preclinical data and results from phase-I trials demonstrated that these transduced cells 




Table 1 

Clinical Trials With IL-4 in Cancer Patients" 

Cancer type Number of patients Route MTD DLT Biological effects Reference 

Refractory solid tumor 10 iv 10-15 ftg/kg tid Diarrhea, nausea, sLlymphocyres, 65 
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successfully produced IL-4 in a local, sustained manner without autoimmune responses. 
Further investigation will reveal the efficacy of IL-4 transduced cells in cancer therapy. 

2.2. Effects of IL-13 on Cancer Cells and Its Role in Cancer Therapy 

The effects of IL-13 on solid cancer cells have been reported. IL-13 has a modest 
inhibitory effect on in vitro cell proliferation of low grade astrocytoma, renal cell carci- 
noma, breast cancer, pancreatic cancer, and ovarian cancer (16,78-82). Blais et al. 
reported that IL-13 can stimulate spermidine uptake by increasing total transport capac- 
ity and stimulate gross cystic disease fluid protein- 15 (GCDFP-15) release, which may 
decrease estrogen- induced breast cancer cell proliferation (83,84). Lebel-Binay et al. 
demonstrated a gene therapy approach in which transplanted lung (3LL) and mastocy- 
toma (P815) tumor cells engineered to produce IL-13 at the local site mediated in vivo 
antitumor activity (85). Our studies have demonstrated that IL-13 can mediate moderate 
antitumor activity in IL-13Ra2 chain-transfected breast (MDA-MB-231) tumors in 
xenograft nude mice model (9). In addition to direct growth modulatory activity in vitro 
and in vivo, IL-13 has also been found to exhibit an inhibitory effect on colon cancer 
cell-cell adhesion by down regulation of E-cadherin and carcinoembryonic antigen 
(CEA) (86). IE- 13 can stimulate the enzyme activity of aminopeptidase N (APN) and 
dipeptidylpeptidase IV (DPIV) in renal cell carcinoma cells (87). The study of Huang et 
al. demonstrated that nonsmall cell lung cancer (NSCEC) derived cells express IE-13, 
however, its significance is unclear (88). We have found that IE- 13 can augment expres- 
sion of vascular cell adhesion molecule 1 (VCAM-1) on glioblastoma cells (A 172) in 
vitro (89). Einally, Volpert et al. demonstrated that not only IE-4 but IE-13 can also 
inhibit tumor angiogenesis in vivo rat model, implicating that IE- 13 may play a role in 
the inhibition of tumorigenicity as well as metastasis of the established cancer (90). 

In hematologic malignancies, IE- 13 has also been shown to mediate biologic activi- 
ties. It can inhibit constitutive secretion of various cytokines by acute myelogenous 
leukemia (AML) blast cells although it does not have any effect on the proliferation of 
AML cells (91,92). Other reports have shown that IL-13 can mediate a differential 
effect on in vitro growth of B-lineage acute lymphoblastic leukemia cells (BCP-ALL) 
(93). Although IL-13 expression was found in B-cell lymphoid malignant tissues and in 
serum from AML, Hodgkin’s lymphoma, non-Hodgkin’s lymphoma, and chronic lym- 
phocytic leukemia patients, its role in these malignancies is unclear (12-15,30,94,95). 
More recently, IL-13 was found to be autocrine growth factor in Hodgkin’s lymphoma 
cells (12-15). 

Using STAT6 knock out mice, Kacha et al. and Ostrand-Rosenberg et al. have 
demonstrated spontaneous rejection of tumors in these mice because of a shift from 
Th2 phenotype to a dominant Thl phenotype (96,97). Later it was demonstrated that 
immunosurveillance in STAT6 knock out mice requires an lEN-y dependent pathway to 
facilitate survival against metastatic cancer (9S). Eurthermore, Terabe et al. reported that 
treatment of tumor bearing mice with “IE- 13 inhibitor” (sIE-13Ra2-Ec) resulted in 
resistance to the 15-12RM cell derived-tumor recurrence (99). It was hypothesized that 
IE- 1 3 produced by natural killer T (NKT) cells uses STAT6 pathway which is necessary 
for down-regulation of tumor immunosurveillance. Eater studies revealed that trans- 
forming growth factor-(3 (TGE-(3) made by CDllb'''Gr-U myeloid cells is necessary for 
down-regulation of tumor immunosurveillance in such system (100). Because Thl/Th2 
balance is important in the tumor environment (80,101,102) and IE- 13 can modulate 
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Thl/Th2 balance, it is hypothesized that IL-13 plays a critical role in host immune sur- 
veillance and tumor immunity. 

Although limited direct antitumor activity of IL-13 has been reported in vitro and in 
vivo, no clinical trials using IL-13 as an antitumor agent have been conducted. Because 
IL-13 is possibly involved in tumor immunosurveillance and tumorigenicity (80,99), 
tumor immunotherapy approaches targeting IL-13 or IL-13R could be an effective 
modality for cancer therapy. Recently, Okano et al. identified CTL epitopes derived 
from human IL-13Ra2 chain (103). They have successfully shown that IL-13Ra2 pep- 
tide (WLPFGFILI) induced a CDS'*' T-cell line, which specifically produced IFN-y in 
response to HLA-A0201'*' T2 cells pulsed with the relevant peptide and lysed target 
cells. These observations indicate that the IL-13Ra2 chain on cancer cells may be a tar- 
get for the immune system. 

3. STRUCTURE AND FUNCTION OF IL-4/13 
RECEPTORS ON CANCER CEEES 

Receptors for IL-4 (IL-4R) and IL-13 (IL-13R) share at least two subunits with each 
other. The two subunits are IL-4Ra and IL-13Ral chains. IL-4Rs are comprised of a 
140 kDa protein termed IL-4Ra chain (also known as IL-4R[3). It contains a WSXWS 
motif and four cysteine residues at the fixed location in the extracellular domain (104). 
The second subunit of IL-4R system was identified as a component of the IL-2 recep- 
tor system, the y chain (105,106). Because IL-2Ry chain was also shown to be a com- 
ponent of IL-7, IL-9, IL-15, and IL-21 receptor systems, it was named the common y 
chain (y^) (107,108). In solid cancer cell lines, IL-13Ral chain (also known as IL- 
13Ra' chain) (109) forms a productive complex with the IL-4Ra chain instead of the 
y^ chain (Fig. 1). This IL-4R subunit structure in cancer cells was confirmed by affinity 
cross-linking. Northern analysis, RT-PCR, and immunoprecipitation studies (110-114). 
When IL-4Ra forms a heterodimer with the y^ chain or the IL-13Ral chain, IL-4 can 
mediate a biologic signal through these complexes. Both IL-4Rs and IL-13Rs use the 
JAK-STAT pathway to mediate biologic signaling (115-118). 

Two predominant types of IL-13Rs have been identified in solid cancer cells. As 
shown in Fig. 1, the type I IL-13R complex is composed of the IL-13Ral, IL-13Ra2, 
and IL-4Ra chains. The IL-13Ral chain (109,119,120) binds IL-13 with low affinity 
but when coupled with the IL-4Ra chain, the heterodimer binds IL-13 with high affin- 
ity and mediates IL-13 induced signaling (116-118). The IL-13Ral chain also interacts 
with the protein termed MIP-T3 (microtubule interacting protein that associates with 
tumor necrosis factor receptor associating factor-3 [TRAF-3]) (121). Another IL-13R 
chain, IL-13Ra2 (also known as IL-13Ra) has been cloned from human renal cell car- 
cinoma (Caki-1) and malignant glioblastoma (U251) cell lines (89,122). This chain 
shares -50% homology with the IL-5R at the DNA level, it contains a very short intra- 
cellular domain, and binds IL-13 with high affinity (122,123). Although IL-13Ra2 
chain is expressed on solid tumor cell lines including renal cell carcinoma, malignant 
glioma, AIDS-associated Kaposi’s sarcoma, some ovarian, and head and neck cancers 
(78,79,124-128), the significance of its expression is still unknown (9,128). The IL- 
13Ra2 chain not only can inhibit IL-13-mediated signaling but can also inhibit IL-4- 
mediated signaling in glioma cell lines (129,130). Although IL-13 binds to all three 
chains, only IL-13Ral and IL-4Ra chains form a productive complex. Because of the 
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{e.g., B cells, monocytes, 

andTF-1) 



Fig. 1. Model of IL-4R and IL-13R. The significance of type III IL-4R is not confirmed, however, all 
three chains exist on cells. 



presence of IL-13Ra2 chain, IL-13 binds to these cells more strongly. In the type II IL- 
13R system, IL-13Ra2 does not participate and the IL-13Ral chain forms a complex 
with IL-4Ra chain. This type of receptor is present in many tumor cell lines and nor- 
mal immune cells. In contrast to the IL-4R system, chain does not bind IL-13 directly 
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Table 2 



IL-4R Expression in Human Cancer Cell Lines 



Cell type 


IL-4 binding sites/cell 


KDa (pM) 


Reference 


Renal cell carcinoma 


1400-4000 


100-300 


45,110 


Malignant melanoma 


1200-1400 


360-550 


111 


Ovarian carcinoma 


300-1400 


330 


111 


Kaposi’s sarcoma 


600-2200 


19-160 


142,143 


Epidermoid carcinoma 


1000 


300 


unpublished data 


Breast cancer 


700-4600 


200-1000 


111,144 


Glioblastoma 


1000-3000 


100-700 


135 


Colon cancer 


2000 


77 


48 


Head and neck cancer 


6100-13,000 


- 


167,184 


Gastric cancer 


_a 


- 


46 


Lung cancer 


10,600 


2400 


47,146 


Prostate cancer 


12,000 


266 


148 



“Flow cytometric analysis 



and is not involved in the IL-13R system. However, it affects IL-13 binding and func- 
tion in some cell types (113,131,132). 

4. TARGETING OF IL-4/ 13 REGEPTORS FOR GANGER THERAPY 

4.1. IL-4 Cytotoxins 

Because IL-4R and IL-13R are overexpressed on many solid cancer cell lines 
(Table 2), two receptor-directed therapeutic agents IL-4- and IL-13- cytotoxins have 
been developed. A cytotoxic chimeric protein composed of IL-4 and Pseudomonas 
exotoxin (PE) was first developed in 1991. PE is a 66 kDa protein produced by 
Pseudomonas aeruginosa. It has three domains; domain la binds to PE receptors, 
domain II catalyzes the translocation of the toxin into cytosol, and domain III inhibits 
protein synthesis and eventually kills the cells by ADP ribosylation of elongation fac- 
tor-! of the protein synthesis pathway (133). By replacing the binding domain of PE by 
IE-4, IE-4 cytotoxins were generated (134-137). Because IE-4 cytotoxin bound to IE-4 
in glioma cells with 37-fold less affinity than native IE-4, a circularly permuted IE-4 
cytotoxin, termed IE4 (38-37)-PE38KDAEE or cpIE4-PE was generated (138-141). 
This purified toxin was found to be highly cytotoxic to IE-4R positive cancer cells. 
cpIE4-PE was 3- to 30-fold more cytotoxic to cancer cell lines including glioblastoma 
cells compared to the first generation IE-4 cytotoxins (Table 3). The cytotoxicity of 
cpIE4-PE was also tested on normal human bone marrow-derived cells, EBV-transformed 
B-cells, promonocytic (U937) cells, H9 T-cells, and normal endothelial cells. Consistent 
with the expression of low numbers of IE-4R, cpIL4-PE was either not cytotoxic or only 
slightly cytotoxic to these resting human cells (141,142). 

cpIE4-PE mediated profound antitumor activity in athymic nude mice with subcuta- 
neously developed human tumors, e.g., glioblastoma, AIDS Kaposi’s sarcoma, prostate, 
breast, lung, and head and neck cancer (143-149). cpIE4-PE also prolonged survival of 
mice orthotopically implanted with human pancreatic tumors (150). 

Based on these preclinical results and its safety profile (136,140,143), a phase-I clin- 
ical trial to determine the safety and tolerability of cpIE4-PE was initiated in patients 
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Table 3 

Cytotoxicity of IL4(38-37)-PE38KDAEL to Human Solid Cancer Cell Lines 



Cells 


IC “ 


Cells 


IC 


Reference 


Renal cell carcinoma 








141 


PM-RCC 


0.30 


MA-RCC 


0.50 




WS-RCC 


0.15 


HL-RCC 


0.12 




RC-2 


3.0 


Caki-1 


40 




Kaposi ’s sarcoma 








142,143 


KSY-1 


8.0 


KS-imm 


10 




KS248 


1.7 


NCB-59 


6.2 




KS54A 


41 


KS220B 


43 




Breast cancer 








144 


MCF-7 


0.40 


R-BT 


0.20 




BT-20 


75 


ZR75-1 


7.0 




MDA-MB-231 


1.8 








Glioblastoma 








140 


T98G 


1.0 


A172 


1.0 




SN19 


9.0 


U-373MG 


2.0 




U251 


6.5 








Colon cancer 








139 


HT-29 


0.40 


LS174T 


9.0 




Colo-201 


0.45 


Colo-205 


0.80 




SW1116 


8.5 


SW403 


6.5 




Pancreatic cancer 








150 


PANC-1 


0.35 








Head and neck cancer 








184 


KB 


0.15 


RPMI2650 


92 




A253 


<0.1 


HN12 


0.40 




YCUM862 


0.75 


KCCT873 


0.70 




Prostate cancer 








148 


LNCaP 


4.5 


DU145 


6.5 




Lung cancer 








146 


H226 


<0.1 


H322 


2 




H358 


<0.1 


H460 


>1000 




N417 


35 


H526 


48 





“ICjQ, represents concentration of IL4f38-37)-PE38KDAEL at which 50% inhibi- 
tion of protein synthesis is observed compared to untreated cells. 



with recurrent human malignant gliohlastoma ( 151 ). In this trial, patients received intra- 
tumoral infusion of cpIL4-PE hy convection-enhanced delivery (CED). CED is a local 
delivery method in which pressure gradient or hulk flow is used to control an infusate 
through the extracellular fluid compartment ( 152 , 153 ). Six of nine patients receiving 
cpIE4-PE showed tumor necrosis. Of six patients, one patient remained disease free for 
>18 months after the procedure. Based on these initial clinical results, additional clin- 
ical trials were subsequently initiated at multiple centers in the United States and 
Germany to determine the maximum dose related to volume and safety of this agent 
when injected stereotactically ( 154 - 156 ). cpIE4-PE is also being tested in systemic can- 
cers when injected by intravenous routes for renal cell carcinoma ( 157 ). Initial results 
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Table 4 



IL-13R Expression in human cancer cell lines 



Cell type 


IL-13 binding 
(sites/cell)“ 


KDa (nM)“ 


Ref 


Renal cell carcinoma 


MA-RCC 


5000 


0.1 


113 


PM-RCC 


26,500 


0.4 


113 


HL-RCC 


150,000 


3.1 


113 


WS-RCC 


2100 


0.2 


113 


Caki-1 


140 


_h 


178 


Ovarian carcinoma 


IGROV-1 


1300 


0.7 


79 


PA-1 


70 


- 


185 


Glioblastoma 


A172 


23,000 


1.6 


162 


U251MG 


28,000 


2.1 


162 


T98G 


550 


1.0 


162 


U373MG 


16,000 


1.8 


162 


U87MG 


3000 


- 


165 


Kaposi’s sarcoma 


KSY-1 


4600 


0.9 


164 


KS-imm 


9500 


3.7 


164 


KS-248 


14,000 


0.36 


127 


NCB-59 


8000 


0.53 


127 


Prostate cancer 


PC-3 


UD“ 


0.16 


158 


DU145 


30 


- 


179 


Head and neck cancer 


HN12 


5800 


- 


126 


SCC-25 


7800 


- 


167 


KCCT873 


7600 


- 


167 


A253 


190 


- 


167 


YCUT891 


20 


- 


167 


Pancreatic cancer 


PANC-1 


160 


- 


179 


BxPC3 


190 




182 



“Data are obtained from the results of binding studies using radiolabeled 
IL-13. 

*Not done. 

“UD, undetectable. 



indicate that cpIL4-PE is well tolerated with MTD of 0.016 mg/m^ in repeated cycles. 
Reversible transaminitis was observed at higher doses. 

4.2. IL-13 Cytotoxins 

To target IL-13R on cancer cells (78,79,124-128,158) (Table 4), a recombinant fusion 
IL-13 cytotoxin termed IL13-PE38QQR, IL13-PE38, or IL13-PE was developed 
(126,159-161). This protein is composed of human IL-13 and a mutated form of 
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Table 5 

Cytotoxicity of IL13-PE38QQR to Human Cancer Cell Lines 



Cells (References) 


IC “ 


Cells 




Renal cell carcinoma (160) 








HL-RCC 


0.03 


MA-RCC 


0.34 


PM-RCC 


0.09 


WS-RCC 


17.5 


Caki-1 


350 






Glioblastoma (162,165,179) 








A172 


<1 


U251MG 


<1 


T98G 


>1000 


U373MG 


<1 


U87MG 


600 






Kaposi’s sarcoma (127,164) 








KSY-1 


27 


KS-imm 


380 


KS-248 


3 


NCB-59 


8 


ARL-13 


270 






Prostate cancer (158,179) 








PC-3 


50 


DU145 


750 


LNCaP 


200 






Head and neck cancer (163,167) 








SCC-25 


2.4 


KCCT873 


4.0 


A253 


200 


YCUT891 


520 


HN12 


<10 






Pancreatic cancer (179,182) 








PANC-1 


63 


BxPC-3 


>1000 


CFPAC-1 


>1000 







“ICjQ represents a concentration of IL13-PE38QQR (ng/mL) at 
which 50% inhibition of protein synthesis is observed compared to 
untreated cells. 



Pseudomonas exotoxin. IL-13 cytotoxins have a potent antitumor activity in IL-13R- 
expressing tumor cells in vitro (126,127,158-163) and in vivo (164-168). In vitro cyto- 
toxic activity of IL-13 cytotoxin is summarized in Table 5. It has been also shown that 
IL-13 cytotoxin induces apoptotic tumor cell death in immunodeficient mice xenografted 
with human head and neck tumors and gliomas (169,170). In addition, Li et al. has devel- 
oped IL- 13-diphtheria fusion cytotoxin to target glioma cells (171). Based on encourag- 
ing preclinical results, three phase-I/II clinical trials have been initiated to test the 
tolerability, safety, and effect of IL13-PE38QQR in adults with recurrent malignant 
glioma (172-176). The first clinical trial involves convection-enhanced delivery (CED) of 
IE- 13 cytotoxin into recurrent unresectable malignant glioma. So far, this route of IE- 13 
cytotoxin administration appears to be very well tolerated with no neurotoxicity (172). 
The second clinical trial involves a preresection CED of IE- 13 cytotoxin followed by 
postresection infusion into the brain adjacent to the resection cavity ( 1 73-1 75 ). This novel 
route of IE- 13 cytotoxin delivery in 27 patients is also well tolerated. In the third clinical 
trial, IE- 13 cytotoxin is infused directly into tumors by CED followed by tumor resection 
(176). This clinical trial has enrolled 19 patients and this route of IE- 13 cytotoxin admin- 
istration also appears to be safe. All three clinical trials are currently ongoing. 

Because we later discovered that low-IE-13R expressing cancer cells lacked the 
expression of IE-13Ra2 chain, a critical IE- 13 binding and internalization component 
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(129,177), we hypothesized that if cancer cells acquire IL-13Ra2 chain artificially, cyto- 
toxicity of IL-13 cytotoxin to these cancer cells would he increased. To address this, we 
transiently or stahly transfected various cancer cells with cDNA for IL-13Ra2 
(167,178,179). Cancer cells transfected with IL-13Ra2 cells acquired highly increased 
binding avidity to ligand (IL-13) compared with vector only transfected control cells. 
Consequently, antitumor activity of IL-13 cytotoxin to IL-13Ra2 chain-transfected can- 
cer cells was enhanced in vitro and in vivo (167,178,179). In addition, liposome-medi- 
ated direct gene transfer of IL-13Ra2 into prostate, pancreatic, hreast, or head and neck 
tumors in vivo followed hy systemic or intratumoral IL-13 cytotoxin therapy in immun- 
odeficient mice demonstrated highly increased tumor killing (180-183). Further studies 
will he performed to investigate various cancer therapy approaches in which the IL- 
13Ra2 chain is involved. 



5. CONCLUSIONS 

In this review article, we have summarized (1) the expression and characteristics of 
IL-4/13R on human cancer cell fines, (2) effect of IL-4 on cancer cells, (3) effect of 
IL-13 on cancer cells, and (4) the role of IL-13 in tumor immunity. In addition, can- 
cer therapies utilizing IL-4 or IL-4R-targeted cytotoxin, and IL-13R-targeted cyto- 
toxin are documented. IL-4 and IL-13 share two receptor chains to mediate biologic 
activities, and both cytokines have direct effects on cancer cells. However, it seems 
that only IL-13 has a possible role in tumorigenicity and tumor immunity. IL-4R- or 
IL- 1 3R-directed therapeutic cytotoxins may have a significant role in the treatment of 
human cancer. 
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1. INTRODUCTION 

In 1956, Castleman et al. reported 13 patients who had localized mediastinal lymph 
node hyperplasia resembling thymoma ( 1 ). The characteristic features of the hyperplas- 
tic lymph nodes were follicular hyperplasia with a large germinal center penetrated hy 
branching hyaline blood vessels and proliferation of hyaline capillaries with endothelial 
hyperplasia in the interfollicular areas. Thereafter, Flendrig et al. and Keller et al. inde- 
pendently reported another morphologic type of the benign giant lymph node character- 
ized by hyperplastic germinal centers and intervening sheets of plasma cells ( 2 , 3 ). The 
former is referred to as the hyaline-vascular type (HV type) and the latter as the plasma 
cell type (PC type) of Castleman’s disease. 

“Multicentric” variant of Castleman’s disease features the involvement of multiple 
lymphoid sites. The variant was reported as “multicentric” giant lymph node hyperpla- 
sia, “multicentric” angiofollicular lymph node hyperplasia, or angiofollicular and plas- 
macytic poly adenopathy ( 4 , 5 , 6 , 7 ). Most of multicentric Castleman’s disease (MCD) 
have been shown to be PC type and frequently associated with systemic manifestations. 

Interleukin-6 (IL-6) is a pleiotropic cytokine with a wide range of biological activi- 
ties in the immune regulation, hematopoiesis, inflammation, and oncogenesis ( 8 ). PC 
type of Castleman’s disease has been reported to be associated with deregulated over- 
production of IL-6 ( 9 , 10 , 11 ) and the overproduction of IL-6 is responsible for the 
systemic manifestation of the disease. 
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Table 1 

Clinical Abnormalities in PC Type Castleman’s Disease 

Clinical signs 

Lymphadenopathy 

Fever 

General fatigue 
Body weight loss 
Anorexia 
Night sweats 
Splenomegaly 
Interstitial pneumonia 
Skin disorder 
AA amyloidosis 
Laboratory findings 
Acceleration of ESR 

Elevation of acute phase proteins (CRP, fibrinogen, SAA, etc.) 

Hypoalbuminemia 

Anemia 

Low cholesterol levels 
Thrombocytosis 
Hyper y-globulinemia 
Proteinuria 
Autoantibodies 



1.1. Clinical Features of Castleman’s disease 

The relationship between HV type and PC type of Castleman’s disease remains 
unclear. In addition to the morphological differences, HV type is characterized as an 
asymptomatic slowly growing mass, while PC type is associated with systemic inflam- 
matory symptoms. Thus, some say the two types may he distinct. On the other hand, a 
mixed hyaline-vascular and plasma ceil type or transitional form is also observed. 
Therefore, others say the PC type and HV type diseases may represent either two con- 
secutive stages or two different expressions of the same inflammatory process (2,3,12). 

Although HV type of Castleman’s disease is mostly asymptomatic, patients with PC 
type Castleman’s disease, regardless of localized or multicentric form, are frequently 
associated with systemic manifestations such as slight fever, fatigue, appetite loss, body 
weight loss, peripheral neuropathy, skin rashes and abnormal laboratory findings such 
as hypochromic anemia, hypoalbuminemia, hypergammaglobulinemia, and an increase 
in acute phase proteins (2,3,6,13,14). They are often complicated with nephritic syn- 
drome, amyloidosis, Kaposi’s sarcoma, and non-Hodgkin’s lymphoma. Lymphocytic 
interstitial pneumonia was also frequently associated (15; see Table 1.) 

Polyneuropathy organomegaly endocrinopathy M-protein skin change (POEMS) 
syndrome (also known as Takatsuki’s disease or Crow-Fukase syndrome) intersects 
multicentric Castleman’s disease according to both the pathological and clinical find- 
ings (16), although PC type Castleman’s disease usually presents polyclonal hypergam- 
maglobulinemia while POEMS syndrome has a monoclonal gammopathy. In some 
reports, molecular genetic analysis has revealed rearrangement of immunoglobulin 
genes in lymph nodes of PC type Castleman’s disease suggesting a transition from 
nonmalignant B-cell proliferation to malignant lymphoma (6,17,18). 
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Localized Castleman’s disease is more frequently reported in younger ages while mul- 
ticentric Castleman’s disease is more commonly seen in middle-age or older individuals 
(3,19). In cases of localized Castleman’s disease, various clinical abnormalities often 
resolve after excision of the affected lymph nodes (9,11). On the other hand, the multi- 
centric Castleman’s disease requires systemic therapy such as corticosteroids, cytotoxic 
agents, or combination of them, although very limited information for the treatment is 
available (6,13,14,20,21). Patients with multicentric Castleman’s disease are often 
refractory to the treatment, and consequently the prognosis for such patients is poor. 

2. IL-6 AND PC TYPE OF CASTLEMAN’S DISEASE 
2.1. Pleiotropic Function of IL-6 

IL-6 was originally identified as an antigen nonspecific B-cell differentiation factor 
in the culture supernatants of mitogen- or antigen-stimulated peripheral blood mononu- 
clear cells which induced B-cells to produce immunoglobulins (22,23), and then named 
B-cell stimulatory factor-2 (BSF-2). The cDNA encoding human BSF-2 was cloned in 
1986 (24). Simultaneously, interferon [32 (25,26) and a 26kDa protein (27) in fibroblasts 
were independently cloned by different groups and found to be identical to BSF-2. 
Later, a hybridoma/plasmacytoma growth factor (28,29) and a hepatocyte stimulating 
factor (30,31,32) were also proven to be the same molecule as BSF-2. Various names 
were initially used for this molecule because of its multiple biological activities, and 
thereafter, the common name of IL-6 was adopted. 

IL-6 has been shown to be produced by T-cells, B-cells, monocytes, fibroblasts, 
endothelial cells, and several kinds of tumor cells, and also has a wide range of biological 
activities on various target cells (8). IL-6 is a differentiation factor not only for B -cells but 
also for T-cells (33) and macrophages (34). It differentiates megakaryocytes to produce 
platelets (35) and acts on hematopoietic stem cells synergistically with IL-3 to support the 
formation of multi-lineage blast cell colonies (36,37). IL-6 stimulates hepatocytes to pro- 
duce acute phase proteins such as C-reactive protein (CRP), fibrinogen, al-antitrypsin, 
and serum amyloid A (SAA), while it simultaneously suppresses production of albumin 
(30,31,32). It induces leukocytosis and fever when it is administered in vivo (38). IL-6 also 
acts as a growth factor for mesangial cells (39), and various tumor cells such as malignant 
lymphoma cells (40), multiple myeloma cells (41), and Kaposi’s sarcoma cells (42). 

2.2. Mouse Models for Multicentric Castleman’s Disease 

IL-6 transgenic mice were produced by the introduction of the human IL-6 gene into 
C57BL/6 mice under the transcriptional control of the immunoglobulin |i heavy chain 
enhancer (Ep) (43) ox histocompatibility class I (H2-Ld) promoter (44). The IL-6 trans- 
genic mice showed hypergammaglobulinemia with massive plasmacytosis in the spleen 
and lymph nodes, increase in serum acute phase proteins such as fibrinogen, decrease 
in serum albumin, increase in the number of megakaryocytes in the bone marrow, 
mesangial proliferative glomerulonephritis (43,44), and lymphocytic interstitial pneu- 
monia (45). These abnormalities are very consistent with those of multicentric 
Castleman’s disease in humans. This evidence strongly suggested that IL-6 overproduc- 
tion is responsible for the systemic manifestations of multicentric Castleman’s disease. 

In addition, mice lacking C/EBP beta (nuclear factor-IE6, NE-IE6), a key element of 
IE-6 signaling as well as an important transcriptional regulator of the IE-6 gene (46), 
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Fig. 1. Pathological roles of IL-6 in multicentric Castleman’s disease. 

showed increase in serum IL-6 and a nearly identical phenotype to that of multicentric 
Castleman’s disease ( 47 ). The finding also suggests the involvement of IL-6 overpro- 
duction in Castleman’s disease although it is unknown whether or not the abnormality 
in the C/EBP beta exists in human disease. 

2.3. Pathologic Significance of IL-6 in Castleman’s Disease 

The clinical and laboratory features of PC type Castleman’s disease and the observa- 
tion that clinical abnormalities disappear after the resection of the affected lymph nodes 
( 3 , 9 , 11 , 13 ), suggesting that a pro-inflammatory cytokine produced within the diseased 
nodes might be involved in this process. Yoshizaki et al. reported that large amounts of 
IL-6 were produced by the activated B -cells in the germinal centers of hyperplastic 
lymph nodes in patients with PC type of Castlemen’s disease, without any significant 
production of other cytokines. Furthermore, in a patient with localized form of 
Castleman’s disease, serum IL-6 level was immediately normalized after excision of the 
affected lymph node. There was correlation between serum IL-6 levels and lym- 
phadenopathy, hypergammaglobulinemia, increase in acute phase proteins and clinical 
symptoms ( 9 ). Thus, the constitutive production of IL-6 by B -cells in germinal centers 
of hyperplastic lymph nodes of Castleman’s disease were thought to be responsible for 
the various clinical abnormalities (Fig. 1). Therapeutic strategies aimed at inhibiting IF- 
6 at the cellular level are described below and support this notion. 

3. KAPOSI’S SARCOMA-ASSOCIATED HERPESVIRUS 
AND CASTLEMAN’S DISEASE 

Kaposi’s sarcoma-associated herpesvirus (also known as human herpesvirus type 8, 
KSHV/HHV-8) was identified from the skin lesion of the Kaposi’s sarcoma patients 
( 48 ). The virus was etiologically associated not only with Kaposi’s sarcoma but also 
with Castleman’s disease ( 49 , 50 , 51 ), predominantly in patients infected with human 
immunodeficiency virus (HIV). This KSHV/HHV-8 viral genome is a linear double- 
stranded DNA containing numerous open reading frames including genes homologous 
to cellular genes ( 52 ). An interesting fact is that the K2 gene of KSHV/HHV-8 encodes 
a protein (viral IL-6, vIL-6), that has 24.8% homology with human IL-6 ( 53 , 54 , 55 ) and 
possesses biologic activities reminiscent of human IL-6. IL-6 is a growth factor for 






Chapter 8 / IL-6 and Castleman’s Disease 



159 



Kaposi’s sarcoma cells ( 42 ) and also a key factor for Castleman’s disease. Together with 
the evidence that Kaposi’s sarcoma is frequently associated with Castleman’s disease 
( 6 , 13 , 14 , 56 , 57 , 58 ), KSHV/HHV-8 and its vIL-6 product have been thought to he an 
etiologic agent for Castleman’s disease. 

When vIL-6 is expressed in mice, it accelerates hematopoiesis and also induces vas- 
cular endothelial growth factor production resulting in the enhanced angiogenesis 
( 59 , 60 ) that was implicated in the pathogenesis of Kaposi’s sarcoma and Castleman’s 
disease. 

KSHV/HHV-8 positive cells are arrayed around the periphery of the germinal centers 
of the lymph nodes in KSHV(-l-) Castleman’s disease, whereas the human IL-6 expres- 
sion was detected predominantly in the germinal centers and rare in surrounding cells 
( 61 ). Mori et al. reported the possible existence of paracrine mechanism how vIL-6 
stimulates human IL-6 production in the lymph node and the enhanced human IL-6 may 
be responsible for the systemic manifestations of the disease ( 62 ). 

Despite the fact that KSHV/HHV-8 is etiologically associated with multicentric 
Castleman’s disease, there are some patients without KSHV/HHV-8 infection. This 
suggests another etiological agent likely exists for Castleman’s disease. 

4. IL-6 TARGETING THERAPY FOR GASTEEMAN’S 
DISEASE WITH THERAPEUTIC INTENT 

4.1. IL-6 Receptor System 

The IL-6 receptor (IL-6R) system consists of two functional membrane proteins: an 
80 kDa ligand-binding chain (IL-6R, IL-6R a-chain, CD126) ( 63 ) and a 130 kDa non- 
ligand-binding but signal-transducing chain (gpl30, IL-6R (3-chain, CD 130) ( 64 , 65 ). 
When IL-6 binds to cell surface IL-6R, IL-6/IL-6R complex induces the homodimeriza- 
tion of gpl30, and forms a high-affmity functional receptor complex of IL-6, IL-6R, and 
gpl30. The soluble form of IL-6R (sIL-6R), lacking the intracytoplasmic portion of 
IL-6R, also exists in the blood and is capable of signal transduction as a ligand-binding 
receptor ( 66 ). Thus, IL-6 binding to either a membrane-anchored IL-6R or sIL-6R intro- 
duces the signal into target cells as long as they express gpl30 (Fig. 2). Based on an 
understanding of this unique IL-6 receptor system, a strategy has been established to 
inhibit IL-6 functions. Several therapeutic approaches have been proposed to block the 
IL-6 signal: (1) suppression of IL-6 production; (2) neutralization of IL-6; (3) blockade 
of IL-6 binding onto IL-6R; (4) blockade of IL-6/IL-6R complex binding to gpl30; (5) 
suppression of IL-6R and gpl30 expression; and (6) blockade of the intracytoplasmic 
signal from gpl30. Corticosteroids are frequently used for the treatment of multicentric 
Castleman’s disease and suppress IL-6 production. However, they also up regulate the 
expression of membrane-anchored IL-6R on plasma cells ( 67 ). Below we discuss limited 
experiences with neutralization of IL-6 and interruption of IL-6 binding to IL-6R. 

4.2. Monoclonal Antibody Approaches 

The therapeutic value of mouse antibodies in human chronic diseases remains limited 
because these conditions like Castleman’s disease require repetitive administrations of the 
antibodies. Since mouse antibodies are highly immunogenic in humans, repetitive admin- 
istrations of mouse antibodies to human often results in the emergence of neutralizing 
human antibodies against the mouse antibodies. Such neutralizing antibodies not only 
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Fig. 2. IL-6 receptor system. The IL-6 receptor (IL-6R) system consists of two functional membrane 
proteins; a ligand-binding IL-6R and a nonligand-binding but signal-transducing gpl30. When IL-6 
binds to IL-6R, IL-6/IL-6R complex induces the homodimerization of gpl30, which in turn forms a 
high-affinity functional receptor complex of IL-6, IL-6R, and gpl30. 

reduce the efficacy but also cause an allergic reaction to the mouse antibodies. A human- 
ized version of an anti-human IL-6R monoclonal antibody was engineered by grafting the 
complimentarity determining regions from the mouse anti-IL-6R antibody into human 
IgG, thereby creating a functioning antigen-binding site in a reshaped human antibody 
(68). It is nonimmunogenic and recognizes both the membrane-anchored and the soluble 
form of IL-6R and inhibits IL-6 actions both in vitro (68,69) and in vivo (70,71). 

Beck et al. reported that the in vivo administration of murine anti-IL-6 monoclonal 
antibody (BE-8) to a man with localized Castleman’s disease of PC type showed a ther- 
apeutic benefit (11). BE-8 monoclonal antibody was administered in a dose of 40 mg 
daily for 2 days followed by daily doses of 10 mg for 82 days. His fever and constitu- 
tional symptoms improved within 24 hours. His hemoglobin levels increased and 
platelet count decreased within 2 weeks after starting the therapy, although the abnor- 
malities returned after cessation of the therapy (11). The finding confirmed that IE-6 is 
a key cytokine in this disease. 

We have employed the humanized anti-human IE-6 receptor monoclonal antibody to 
block the IL-6 actions for the treatment of multicentric Castleman’s disease (70). We 
treated 7 patients with multicentric Castleman’s disease with either 50 mg of humanized 
anti-IL-6R antibody twice a week or 100 mg once a week and immediately noted 
improved systemic symptoms such as fever and malaise. It also normalized the CRP, 
fibrinogen, albumin and hemoglobin levels. After 3 mo of treatment, hypergammaglob- 
ulinemia and lymphadenopathy were remarkably alleviated (70). Treatment was well 
tolerated, with only a transient leukopenia. Of particular interest, histopathological 
examination revealed that the treatment reduced both the follicular hyperplasia and vas- 
cularity. Therefore, the blockade of the IL-6 signal utilizing humanized anti-IL-6R anti- 
body appears to have potential as a therapeutic agent in this disease. 

5. CONCLUSION 

On the basis of our study, clinical trials of humanized anti-IL-6R antibody for multicen- 
tric Castleman’s disease are being conducted both in Japan (72) and in the United States. It 
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was approved as an orphan drug for Castleman’s disease in Japan in 2005. This therapy is 
not a nonspecific immunosuppressive therapy like corticosteroids or cytotoxic agents hut 
rather a specific therapy that targets the IL-6 molecule that is key in the pathogenesis of this 
disease. However, there is still a need for studies to elucidate the exact cause(s) of 
Castleman’s disease. KSHV/HHV-8 can he an etiological agent for Castleman’s disease, 
hut there may he others. We also need to elucidate the molecular basis for IL-6 overproduc- 
tion in Castleman’s disease so that additional therapeutic targets can he identified. 
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1. INTRODUCTION 

The Class II alpha helical family of cytokines now includes the extended Interleukin- 
10 family (IL-10, IL-19, IL-20, IL-22, and IL-26) as well as the closely related 
Interferon-a, Interferon-y, and Interferon-x (1-22). The importance of the distaff side of 
this family, the interferons (22,23), for cancer hiology and tumor immunology has been 
well defined since the initial report of substances interfering with viral infection by 
Isaacs and Lindenmann almost 50 yr ago (25-27). Less clear, evolving, and more 
ambiguous has been the role of the IL-10 extended family defined in the last 15 yr, 
many of them with more interferon-like properties (22). In cancer patients with malig- 
nant melanoma (28), ovarian cancer (29), and other hematologic malignancies such as, 
lymphoma (30) and multiple myeloma (31), IL-10 itself can be identified in the serum 
and/or tumor. Indeed, a negative correlation between circulating levels of IL-10 and 
prognosis has been reported. Lor this reason, IL-10 was suspected to be produced by 
tumor cells, followed by suppression of antitumor immune responses. IL-10 may also 
act as a tumor growth factor. Lor example, exogenous IL-10 administration causes 
expansion in a number of melanoma cell lines owing to the expression of IL-10 recep- 
tor (32). In contrast, IL-10 produced by some activated immune cells can promote anti- 
tumor activity and is indicative of a potent antitumor immune response. Thus, elevation 
of IL-10 levels does not always correlate with prognosis in patients with cancer, reflect- 
ing its complex biology. 
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Fig. 1. Cell mediated roles of IL-10 on the link between innate immunity and acquired immunity in 
tumor. As shown in tumor sites, macrophages, tumor-infiltrating dendritic cells, regulatory T-cells help 
to grow tumors through IL-10. In innate immunity, exogenous IL-10 serves to activate NK cells and 
suppress the angiogenesis. After tumor cells are lysed at tumor sites by activated NK cells or IFN-y, 
tumor antigens would be engulfed by immature DC. After exposure to inflammatory signals, these DCs 
can present tumor antigens to naive T-cells, followed by the induction of antigen specific, Thl cells or 
CTL. TIDC, tumor infiltrated dendritic cells; M(|), macrophage; Treg, CD4+CD25^ regulatory T-cells; 
Trl, IL-10 producing regulatory T-cells; iDC, immature DC; mDC, mature DC; NK, natural killer cell; 
CTL, cytotoxic T-cells; VEGF, vascular endothelial growth factor; MMP, matrix metalloproteinase. 



Systemic administration of IL-10 inhibits tumor metastasis in various murine models, 
including melanomas, sarcomas, lymphoma and colorectal carcinomas ( 33 , 34 ). Although 
the mechanisms behind these antitumor effects are still incompletely understood, the anti- 
tumor effects of IL-10 may be attributable to activation of NK cells ( 6 ), CDS''' T-cells ( 34 ), 
macrophages ( 35 ), and nitric oxide ( 36 ) (Fig. 1). In addition, IL-10 exerts a direct antitu- 
mor effect by inhibiting angiogenesis. IL-10 stimulates tissue inhibitors of metallopro- 
teinases (TIMPs) and inhibits matrix metalloproteinase (MMP) expression, therefore 
affecting induction of angiogenesis in prostate and likely other cancers ( 37 , 38 ). 

More convincing data come from studies of IL- 10-gene therapy in animal tumor models. 
IL-10 transfected cell lines derived from mouse mammary adenocarcinoma ( 39 ), ovarian 
carcinoma ( 40 ), malignant melanoma ( 41 ), Burkitt lymphoma ( 42 ), prostate and colon can- 
cers ( 43 ) show significant inhibition of tumor growth irrespective of the induction of 
a predominant Th2-mediated tumor rejection response. Also, IL-10 gene transfection 
of melanomas inhibits tumor growth by abrogating angiogenesis, accompanied by down- 
regulation of synthesis of vascular endothelial growth factor (VEGF) along with IL-ip, 
TNF-a, IL-6, MMP-9 (all known to have angiogenic properties) in tumor-surrounding 
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macrophages (44). In Burkitt lymphoma, introduction of human or viral IL-10 genes 
into tumors in SCID mice inhibits VEGF-induced neovascularisation of the tumors (42). 
In human studies, only a few reports are focused on the role of IL-10 in tumor immunol- 
ogy. Some melanomas spontaneously regress in patients and are associated with a high 
level of IL-10. In advanced stages, a negative correlation between circulating levels of 
IL-10 and prognosis was also observed in patients with solid or hematologic malignan- 
cies, because this is possibly associated with IL-lO-producing tumor cells. 

2. IL-10 EFFECTS ON THE IMMUNE CELLS 

IL-10 can be produced by numerous cell types, including CD4"'' and CDS"'' T-cells, 
macrophages, B-cells and dendritic cells (DCs). IL-10 initiates a wide variety of activ- 
ities when it binds to its heterodimeric cellular receptor. The major mechanism of IL-10 
inhibition of cytokine production is to suppress antigen presentation as described below. 
IL-10 can directly mediate effects in innate and adaptive immunity. IL-10 suppresses 
the inflammatory cytokine production by DCs or macrophages (M(|)), and thereby sub- 
sequently alters the Thl/Th2 balance. The relative levels of IL-10 and ILN-y produced 
by Thlcells are important for determination of immunity in tumor bearing hosts. 

2.1. Stimulatory Effects of IL-10 on NK Cells 

IL-10 is a potent stimulator of NK cells in vivo (33) although it inhibits the production 
of ILN-y as well as TNF-a release from NK cells in vitro (45). A. link between innate and 
adaptive immunity has been a role increasingly posited for the NK cell. The early partic- 
ipation of NK cells in response to pathogen/cancer invasion may influence the subsequent 
development of an adaptive immune response, perhaps providing cues to indicate a “non- 
self or dangerous” encounter. An aberrant innate reaction to self tissue may promote 
autoimmunity, as demonstrated by the fact that NK cells are required for the development 
of an experimental autoimmune mouse model of myasthenia gravis (46). Antigen-specific 
T-cell activity in an adaptive immunity has to be studied in relation with innate immunity 
mediators. IL-10 negatively affects the production of IFN-y and TNF-a release from NK 
cells in vitro, however it has strong effects on NK cells in vivo (47,48), i.e., it enhances 
the susceptibility of target cell lysis by NK cells by reducing cell surface MHC expression 
on tumor cells by IL-10 (Fig. 1). In fact, administration of IL-10 can also induce NK-cell 
activation and facilitate target-cell destmction in a dose-dependent manner. Moreover, NK 
cells pretreated with IL-10, either alone or in combination with other cytokines including 
IL-2, IL-18, and IL-12 are more efficient in enhancing the lysis of tumor cell as well acti- 
vating NK cells (47). It amplifies the production of IL-2-induced cytokines, such as TNF- 
a, GM-CSF, and IFN-y (48). Activated NK cells facilitate antigen acquisition from 
necrotic/apoptotic tumor cells to activated antigen-presenting cells (APCs) for cross- 
priming, providing a fink between innate immunity and the adaptive immune response. 

NKT cells activation by the CD 1 -ligand mimic, a-galactosylceramide (aGalCer) is 
dictated by its expression on various types of APCs. DCs presenting this molecule skew 
the subsequent immune response to one with a Thl phenotype whereas non- DC as APC 
induce anergy (49). However, activation of NKT cells can prime naive CD4+ T-cells and 
CDS'*' T-cells toward Thl type T-cells by adjuvant effects of aGalCer for in vivo matured 
DC. In contrast, repeated injection of aGalCer induces anergy and rescued NOD SCID 
mice from diabetes mellitus, possibly owing to IL-4 and IL-10 production (50). 
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2.2. Interaction Between IL-10 and Antigen Presenting Cells 

APCs can directly produce many cytokines and chemokines during the innate 
immune response as well as promote effective antigen presentation in acquired adap- 
tive immunity. IL-10 inhibits the differentiation of monocytes to DCs, which are the 
most important APCs for primary immune responses, as well as the expression of 
cytokines, soluble mediators and cell surface molecules by monocytes, macrophages, 
and myeloid DC ( 51 ). Thus, IL-10 regulates the balance between the cellular immune 
response and tolerance in the adaptive immunity through modifying the function of anti- 
gen presenting cells. 

2.2.1. Effects of IL-10 on Monocytes, Macrophages (Mo) and DCs 

Monocytes in the peripheral blood are very sensitive to IL-10. There, they are not in a 
differentiated state, but rather reside in the circulation for 24- to 48-h before migrating into 
the tissues where they develop into more specialized cell populations, either M(|) or 
myeloid DC. As the result of the influence of IL-10 for preventing monocyte differentia- 
tion to DC, IL-10 supports monocyte maturation to M(|), and up-regulates the sensitivity 
of M(|) to IL-10, owing to the induction of expression of several chemokine receptors ( 51 ). 
IL-10 inhibits the production of proinflammatory mediators by monocytes or M(|), includ- 
ing release of IL-1(3, IL-6, IL-8, G-CSF, GM-CSF and TNF-a ( 51 ). It also enhances the 
production of anti-inflammatory mediators such as IL-IRA and soluble TNF-a. 
Pretreatment of monocytes with chemokines, such as MCPl-4 leads to endogenous IL-10 
production, followed by the suppression of the production of IL-12p70 ( 52 ). IL-10 up- 
regulates the phagocytic activity of monocytes, macrophages, and immature DC via up- 
regulation of expression of IgG-Fc receptors as well as scavenger receptors ( 53 ). 

DCs prime naive T-cells in the initial immune response as the professional antigen 
presenting cells. When IL-10 is added to immature DC, it inhibits cytokine production, 
such as IL-12 family members, and suppresses costimulatory molecule expression, 
MHC class II expression, and chemokine secretion ( 51 ), in addition to modulating pri- 
mary antigen-specific T-cell responses that are abrogated. IL-10 treatment of DC 
induces or contributes to a state of anergy in allo-antigen- or peptide-antigen-activated 
CD4"'‘ and CD8"'' T-cells ( 45 , 54 , 55 ). IL-10 promotes the differentiation of 
CDl lc'™CD45RB^‘§'’ DCs that lead to the differentiation of regulatory T-cells ( 56 ). IL- 
10 also induces the apoptosis of both freshly isolated and cultured CD4"''CD1 lc“IL-3R''‘ 
plasmacytoid DC. Generally, viral-induced plasmacytoid DCs promote naive T-cells to 
produce both IFN-y and IL-10 ( 57 ). 

In tumor models, tumor-infiltrating DCs are important, because IL-10 can promote the 
generation of nominally tolerogenic regulatory T-cells ( 58 , 59 ). In this setting, tumor- 
infiltrating DCs (TIDCs) are largely immature, and can present tumor antigen, but are 
refractory to stimulation with a combination of LPS, IFN-y, and anti-CD40 antibody. DC 
paralysis in this setting can be reversed by CpG plus anti-IL-10 receptor antibody treat- 
ment where it has potent therapeutic antitumor effect and induces immune memory ( 59 ). 

At an early stage of the immune responses, IL-10 may induce destruction of tumor 
cells by either directly or indirectly stimulating the innate cells of the immune response 
(Fig. 1). Cytokine- or NK cell-mediated cytolysis of target cells provides DC with 
adequate amounts of relevant tumor antigens, chemotactic peptides, and danger signal 
molecules (such as heat shock proteins, double-stranded DNA, HMGBl, SlOO molecules. 
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or purine metabolites such as uric acid), which initiate the process of DC maturation. 
Of note, in augmenting the signalling for toll-like receptors on immature DCs, IL-10 
may enhance their sensibility to danger signal molecular mediators. Upon demonstra- 
tion of a secondary stimulus (IL-2 and IL-12) in secondary lymphatic organs for DC 
maturation, CD4+T-cells and CDS'*' T-cells promote proliferation and activating effects, 
thereby inducing an adaptive immune response. 

During early phases of the immune response when antigen uptake by immature DCs 
is promoted by IL-10, combined with the inhibition of DC migration, immature DCs 
accumulate and are loaded with antigens from damaged tissues. This possibly could 
promote tolerance. In contrast, in several tumor models, IL-10 expressed within the 
tumors could drive rejection and elimination of the tumor. Interestingly under such con- 
ditions, the EBV expressed homologue, vIL-10 promoted tumor growth (60). 

2.3. Divergent Effects of IL-10 on CD4^T-Cells and CDS^T-Cells 

2.3.1. IL-10 Acts to Enhance Maintenance oe Antitumor CDST’-Cells 

Besides the dominant indirect impact mediated via the APCs, IL-10 exerts direct sup- 
pressive effects on naive T-cells (51). However, IL-10 often shows stimulatory effects 
on CDS''' T-lymphocytes (CTLs), including their recruitment, cytotoxic activity, and 
proliferation. IL-10 enhances the proliferative responses of murine IL-2- and IL-4- 
activated CD8'''T-cells and rescues T-cells from apoptotic cell death (62,63). As such, 
IL-10 enhances the effects of antitumor CDS'T-cells in vivo, leading to reduced growth 
of immunogenic tumors (51,63) (Fig. 1). Administration of high doses of IL-10 injec- 
tions mediates rejection of tumors with contrasting effects on CD4''' and CDS''' T-cells 
that result in either immune dampening or immune potentiation of these individual cell 
types in situ, respectively (34,63). IL-10 has negative effects on CDS'T-cells through its 
effects by DCs i.e., DCs that have already been treated with IL-10, mediating its sup- 
pressive effects in vitro and in vivo. 

2.3.2. IL-10 Induces Suppressive Eeeects on CD4+ T-Cells 

IL-10 positively stimulates CDS''' T-cells under some conditions. In contrast, IL-10 
inhibits both the Thl-type and the Th2-type responses of CD4T-cells strongly via reg- 
ulatory effects on APC function. Naive CD4T-cells are the major targets of IL-10; 
whereas activated and memory T-cells seem to be rather insensitive (45). CD4''' T-cells 
cultured in the presence of IL-10, or IL-lO-treated APCs become nonresponsive and fail 
to proliferate or produce inflammatory cytokines (64-66). IL-lO-mediated anergy may 
be associated with induction of regulatory T-cells (Trl cells) that produce high levels of 
IL-10 and can suppress antigen-specific responses in vivo and in vitro (64-66) (Fig. 1). 
In contrast, natural occurring CD4'''CD25''' regulatory T-cells (T reg) also mediate inhi- 
bition through IF-10 or TGF-(3 secretion in vivo but not in vitro (67,68). 

2.3.3. Biologic Eeeects oe Regulatory T-Cells to Control Immune Responses 

IF-10 producing regulatory T-cells (IF-10 Treg), containing Trl cells and 
CD4'''CD25''' regulatory T-cells (CD4'''CD25''' Treg) are independent (69). In the resting 
state, regulatory T-cells constitutively express high levels of IF-2/IF-15R(3 and y com- 
mon chains, as well as a vast repertoire of chemokine receptors, and the homing recep- 
tor to lymph nodes, CCR7 (70). CD4'''CD25''' T-cells are generated in the thymus, and 
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are thought to arise via “altered negative selection” hy self-peptides ( 71 , 72 ). The sup- 
pressive activity of CD4'''CD25''' T-cells is related to their ability to inhibit IL-2 produc- 
tion and promote cell cycle arrest in both CD4''‘ and CDS'*' T-cells. This finding suggests 
that direct cell-cell contact may be required. Tregs express CTLA-4 and GITR and can 
produce TGF-(3 and IL-10, which are important mediators of Treg-mediated suppres- 
sion, but they are not specific markers ( 69 ). The forkhead/winged helix transcription 
factor 3 (Foxp3) has been suggested to be a specific marker ( 73 ) but some CD25“ cells 
with regulatory activity also express this molecule. In fact, Foxp3 -transduced 
CD4''‘CD25“T-cells express enhanced amounts of mRNA of IL-10, comparable to that 
of naturally occurring CD4''‘CD25'''T-cells, suggesting that Foxp3 directly upregulates 
IL-10 production, although this issue remains controversial ( 74 ). In the interaction 
between Treg and DCs, Pasare et al showed that activation, through Toll-like receptor 
(TLR)-4 or TLR-9, of BM-derived DCs overcomes the inhibition of naive T-cell prolif- 
eration mediated byCD4'''CD25'''Treg cells partly owing to the secretion of IL-6 ( 75 ). 

IL-10 producing T-regulatory cells, including Trl cells can regulate the responses of 
naive and memory T-cells in vitro and in vivo as well as suppress both Thl and Th2 cell- 
mediated pathology through the production of IL-10 and TGF-(3 ( 76 ). The production of 
these two cytokines is interrelated where IL-10 and TGF-(3 stimulates each other, how- 
ever lymphocytes from IL-10 deficient mice produce less TGF-(3. The protective effect 
of IL-10 in a colitis model is also owing to its ability to produce TGF-(3, mediating 
suppressive effects whereas IL-10 enhances production of TGF-(3 and also controls 
the ability of target cells to respond to TGF-(3 through up-regulation of the expression of 
TGF-(3R2 on recently activated T-cells ( 77 ). In vivo, CD4‘''CD25'Treg and IL-IOTreg 
inhibit inflammation mainly through IL-10 and TGF-(3 dependent mechanism 
( 69 , 76 , 77 ). These two types of regulatory T-cells can promote tumor growth by suppress- 
ing immune reactions to tumor-associated antigens . 

3. IMMUNOLOGIC REGULATION BY IL-10 ON TUMOR 
PROGRESSION AND ANTITUMOR RESPONSES 

3.1. A Biologic Role of IL-10 in Tumorigenesis 

Several animal experiments have focused on the role of IL-10 on tumor development, 
whereby diverse effects regarding the influence of IL-10 on cancer are shown. IL-10 
sometimes seems to favor the existence and progression of tumors. IL-10 can also con- 
vert tumor cells to a CTL-resistant phenotype. For example, approx 50% reduction in 
MHC class I expression in human melanoma cells is noted after IL-10 treatment in a 
dose-dependent fashion. This effect may be mediated by reduced expression of the 
transporter associated with antigen processing (TAP)-l and -2 that results in reduced 
translocation of peptides to the endoplasmic reticulum followed by the diminished 
MHC class I peptide loading and cell surface levels ( 51 ). However, such downregula- 
tion of MHC class I expression may bring about a higher sensitivity toward NK cell 
activity. In in vitro and in vivo experiments, when antigen-pulsed DCs were exposed to 
IL-10, active CTL cannot be easily generated. In contrast, we have some evidences con- 
cerning antitumor effects that after complete establishment of CTL, IL-10 can maintain 
and support their functions, such as antigen specific IFN-y production and cytolysis 
against tumor cells ( 34 , 63 ) (Fig. 1). In addition, when IL-IO-transfected tumor is 
injected, the increased expression of isoforms of nitric-oxide synthase (iNOS), which 
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demonstrates potent antitumor ability, emerges ( 36 ). IL-10 also can inhibit the genera- 
tion of new vessels within the tumor both directly by acting on the tumor cells and indi- 
rectly by influencing infiltrating immune cells. When IL-10 inhibited microvessel 
formation, IL-10 induced the tissue inhibitor of metalloproteinase-2 (TIMP-2) in pri- 
mary cancer cells, such as prostate cancer cells ( 37 , 38 ). Simultaneously, it reduced the 
secretion of matrix metalloproteinase (MMP)-2 and MMP-9 from these cells ( 37 , 38 ). 
IL-10 can also inhibit the angiogenesis by inhibiting tumor-resident macrophages. 

3.2. IL-10 Gene Polymorphisms in Cancer 

The human IL-10 gene is comprised of 5 exons, spans approx 5.2 kb and is located 
on chromosome 1, at Iq31-lq32 ( 78 ). The IL-10 promoter is highly polymorphic with 
two informative microsatellites, IL-IO.G and IL-IO.R, 1.2 kb and 4 kb upstream of the 
transcription start site ( 78 ). A number of genetic polymorphisms have been identified 
within the IL-10 gene, particularly in the promoter region gene, which is associated with 
enhanced production of this cytokine in response to stimulation of immune cells. 
Certain of these polymorphisms may be associated with differential levels of IL-10 
expression. Therefore, IL-10 polymorphisms by single nucleotide polymorphism (SNP) 
are analyzed and shown in the association with the susceptibility to cancers; some solid 
tumors (i.e., malignant melanoma, prostate cancer, and breast cancer) ( 79 ) and espe- 
cially hematologic malignancies (i.e., multiple myeloma, non-Hodgkins lymphoma, 
AML, and ALL) ( 80 - 82 ). In the studies demonstrating IL-10 polymorphisms and markers 
of disease progression, a polymorphism in the promoter region of IL-10 can be found 
associated with a higher incidence of melanoma, prostate, breast, and gastric cancers. 
Genetic predisposition to these tumors may modulate tumor growth by immune mech- 
anisms, however it might have relatively little impact on the levels of IL-10 produced 
by tumor cells ( 80 - 82 ). The first steps of angiogenesis are crucial for the development, 
metastasis and prognosis in many types of cancers. Therefore, in the initial tumor devel- 
opment, such genetic polymorphisms of IL-10 would be associated with angiogenesis, 
especially the production of the angiogenic cytokines, VEGF and bFGF. 

3.3. IL-10 Effects on Immune Responses in Mouse Tumor Models 

IF- 10 can initiate and terminate inflammatory responses as well as the regulate dif- 
ferentiation and proliferation of T- and B-lymphocytes, NK cells, APC, mast cells, and 
granulocytes. IF- 10 also plays a role in simultaneously enhancing tumor progression or 
facilitating tumor destruction in mouse models (Fig. 1). As previously described, anti- 
inflammatory properties mediated by IF- 10 have been ascribed mainly to inhibition of 
macrophages or DC immune function and induction of regulatory T-cells. In IF- 10 
transgenic models, IF- 10 reduces T- or B-cell responses to Fisteria monocytogenes and 
Feishmania ( 83 ), and in contrast they increase T-cell-mediated rejection of cancer. 

In contrast, in the models for abrogating effects of IF- 10 on tumors by IF- 10, local 
administration in IF-lO-transfected tumor cells prevents tumor cells from growing. In 
addition, systemic IF- 10 administration has protective and curative effects through 
enhancement of tumor cell killing by NK and CDS"'' T-cells ( 33 - 37 , 39 ^ 3 , 63 , 84 ) (Fig. 1). 
In innate immunity, activated NK cells may mediate tumor destruction and enhance 
antigen availability. IF- 10 sustains NK cell or CTF cytolytic function in vivo probably 
together with the release of IFN-y, IFN-y inducible protein- 10 (IP- 10) or increased 
granzyme levels. These effectors induced by IF-10 can destroy abnormal tumor cells. 
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Upon addition of a secondary pro-inflammatory cytokine, immature DCs will mature, 
producing chemoattractants and cytokines and upregulating costimulatory molecules. In 
addition, as a secondary inflammatory response, CXC chemokines inducible protein 
and monokine ( 85 ), enhanced by IFN-y, can mediate the local and systemic antitumor 
effects of IL-10. Thus, mature DC captured tumor antigen may act as potent immune 
cells to present naive T-cells for establishing and maintaining tumor-specific CTLs 
following IL-10 responses. This pro-inflammatory activity not only comes from IL-2, but 
when combined with other cytokines (such as IL-2, IL-12, or IL-18), IL-10 may serve as 
a link between innate and adaptive antitumor immunity. 

3.4. Efficacy and Vulnerability of IL-10 Effects 
on Immune Responses in Human Cancer Diseases 

Several human cancer cell lines constitutively produce IL-10 in vitro, indicating that 
a large amount of the IL-10 may be produced in vivo at the site of tumor lesions. 
Otherwise, autocrine and paracrine IL-10 effects could be produced by the immune 
cells, such as macrophages or Trl cells around the tumor sites. Actually, an inverse cor- 
relation between circulating levels of IL-10 and prognosis was reported in patients with 
solid or hematologic malignancies in advanced stages. In B-cell lymphoma or some 
other solid tumors (especially colon cancer, gastric cancer, and renal cell cancer) 
( 84 , 86 , 87 ), the increased circulating IL-10 serum level has been reported as a negative 
prognostic factor for responsiveness to conventional therapy, such as surgery and 
chemotherapy, presumably owing to the impaired function of APC in tumors. 
Significant IL-10 mRNA expression is shown in patients with melanoma but not in 
healthy individuals. The proliferative rate of human melanoma cell lines is enhanced by 
exogenous IL-10, suggesting that this cytokine might serve as a tumor growth factor. 
Over-expression of IL-10 in basal cell and squamous cell carcinoma in primary tissues 
has also been demonstrated ( 86 ). IL-10 immune suppressive effects may help tumors 
escape from immune recognition. Actually, lymphoma patients had significantly higher 
serum levels of IL-10 than healthy volunteers ( 87 ). In the tissues, an elevated local 
expression of IL-10 was detected particularly in cutaneous T-cell lymphoma entities 
(CTCL) ( 88 ). Increasing IL-10 gene expression was found to be correlated with the 
tumor progression in lymphoma. In humans, IL-10 may perform as a tumor promoting 
angiogenic factor, as correlations between IL-10 and VEGF expression have been 
reported in esophageal cancer patients ( 84 ). 

The role that IL-10 plays in tumor escape has not been established; high levels of IL-10 
are observed in the areas of spontaneous regression of primary melanoma as an inhibitor 
of cancer growth. In the context of human papilloma virus-related cervical carcinoma, IL- 
10 also enhances synergistically with the IL-2 tumor-specific T-cell expansion as shown in 
murine models and cytotoxicity by increasing intracellular accumulation of perforin ( 89 ). 
Again, IL-10 sometimes enhances the immunity against tumor cells and sometimes leads 
to progression. 

3.5. IL-10 Release in the Local Tumor Microenvironment 

When IL-10 is constitutively released in the tumor sites, microenvironment 
during tumor progression, biologic responses will be revealed as either an immune 
activation or an immune suppression. Although normal bronchial epithelial cells 
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constitutively produce IL-10, secretion of IL-10 may be retained, or abolished in 
primary lung cancer ( 90 , 91 ). Lack of IL-10 secretion predicts poor outcome of early 
stage nonsmall cell lung cancer. Secondary local immune responses by IL-10 release 
may bring about antitumor effects without tumor progression. It would be more impor- 
tant to understand what kinds of immune cells can play a role by secreting IL-10 in 
growing tumor (infiltrating macrophages, monocytes, NK cells, eosinophils, or T-cells). 
Inhibition of tumor growth by IL-10 could be attained through up-regulation of TIMP- 
2 expression or downregulation of MMP-2 and MMP-9 ( 37 , 38 ), which will conse- 
quently inhibit micro-vessel formation. In addition, elevated levels of nitric oxide by 
IL-10 may be related to their toxic effects on tumor cells ( 36 ). 

4. AGONISTIC OR ANTAGONISTIC INTERACTION 
BETWEEN IE- 10 AND OTHER CYTOKINES 

IL-10 inhibits production of Thl cytokines. IL-10 may inhibit cancer growth through 
activation of IFN-y and IFN-y-inducible gene Gbp-l/Mig-1 which could exert a direct 
antitumor effect or enhance alternations in the immune microenvironment such as lim- 
iting macrophage ingress thereby limiting tumor growth ( 92 ). Among suppressive effects, 
IL-10 inhibits IFN-induced gene transcription, such as IP-10, which correlates with IL- 
10-mediated inhibition of IFN-induced STATl phosphorylation ( 92 ). Moreover, IL-10 
inhibition can be overcome by increasing IFN concentrations, suggesting competition 
of these cytokines. The most marked effect of IL-10 is its capability to enhance tumor 
growth as an inducer of expression of the suppressor of cytokine synthesis (SOCS)-3 
which plays a critical role in inhibition of macrophage activation ( 93 ). 

IL-10 plays an important role in immune regulation by interacting with other 
cytokines. IL-10 is regulated together with other cytokines, especially class II cytokines, 
such as IFN-y (class II cytokines; IFNs, IL-10, 19, 20, 22, 24, 26, 28, and 29) ( 94 ). Class 
II cytokine receptors were originally defined on the basis of sequence homologies in the 
extracellular domains of receptors for IFNs and IL-10, and ligands known as class II 
cytokines, also have a common structure. IFNs exert their activities through het- 
erodimeric receptors composed of transmembrane proteins that belong to class II 
cytokine receptor family. Despite the quite different functions between IFN-y and IL-10, 
the IL-10 receptor (IL-IOR) indeed belongs to this family of receptors. Although the 
homology between the sequences of IL-10 and IFNs is quite limited, the elucidation of 
their three-dimensional structure indicated a shared a-helical pattern, confirming that 
these factors are structurally related ( 95 ). The IL-10R(3 chain is used by several types 
of cytokines, such as IL-10, 22, 26, 28, and 29. A single receptor can bind several 
cytokines, potentially transducing distinct signals, as indicated for type-I IFNs that have 
different activities mediated through a single common receptor. Despite the structural 
similarities and the sharing of common receptor chains used by several cytokines, the 
physiologic roles of class II cytokines are divergent and the homology is limited. This 
may reflect that IL-10 has both negative and positive effects on immune responses, 
especially together with the other class II cytokines. IFN-y is a major pro-inflammatory 
cytokine which can activate macrophages and endothelial cells. In contrast, IL-10 
downregulates the expression of activating and costimulatory molecules of APCs as 
well as inhibits the production of pro-inflammatory cytokines by macrophages and 
DCs. With regards to biologic functions, IL-10- and IFN -related cytokines seem to be 
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antagonists to each other in in vitro models. To understand the opposing effects of these 
two cytokines, we can compare the lipopolysaccharide (LPS)-endotoxin shock models. 
Administration of LPS in an experimental model is associated with release of a number 
of systemic inflammatory cytokines, suggesting that TNF-a and IL-1(3 are crucial pro- 
inflammatory factors. Administration of IL-10 following LPS rescued mice from LPS- 
induced toxic shock hy inhibiting the production of these factors (96,97). In contrast, 
endogenous IL-10 release by LPS injection confers protection from the harmful effects 
of endotoxin challenge; blocking IL-10 markedly increased the sensitivity of mice to 
LPS ( 98 ). Expression of IFNs is also upregulated by LPS with IFN-y serving as a potent 
activator of macrophage/monocytes. Therefore, blocking IFN-y increases resistance to 
endotoxin challenge (99). Interestingly, whereas IL-10 and IFN-y may at times be 
antagonistic, they may also play roles as agonistic factors for each other. A balance in 
the production of these factors is required to maintain the homeostasis of inflammatory 
process. As shown in the cases of differential effects on NK cells and CTLs, when we 
consider the class II family, it is no wonder that IL-10 mediates different effects on 
immune responses together with IFN-y, perhaps involving other novel cytokines such as 
HMGBl, released from intranuclear stores (100-102). 

CD4''' regulatory T-cell populations that could produce high levels of IL-10 have been 
indicated to have an essential role in tolerance to self-antigens. The relative contribution 
of IL-10 in the anti-inflammatory function mediated by such regulatory T-cells may 
depend on the types of experimental models used. 

5. CLINICAL USE OF IL-10 

In humans, systemic administration of IL-10 to normal volunteers is associated with 
very little toxicity and pro-inflammatory properties are mediated through activation of 
effector cells of the innate immune response. Indeed, clinical trials were performed in 
healthy volunteers and consistently demonstrated the safety of IL-10 administration at 
doses up to 25 P-g/kg (103,104). Single iv or sc doses of IL-10 resulted in transient dose- 
dependent increases of white blood cell populations, together with neutrophilia, CDA* 
and CDS''' T-lymphocytopenia, monocytosis, and reversible decline in platelet counts and 
hemoglobin levels. However, no significant change was observed in the bone marrow 
cellularity or myeloid:erythroid ratio or in the number of megakaryocytes. Intravenous 
administration of human recombinant IL-10 could have potential anticancer activity with 
production of the IFN-y-inducible protein and inducing activation of cytotoxic T-cell and 
NK cells as reflected by increased levels of granzyme-(3. When administered IL-10, 
PBMC from treated subjects resisted the LPS-induced cytokine producing responses 
(IL-6, IL-1, and TNF-a) (105), and showed decreased proliferative responses and IFN-y 
production induced by PHA (phytohemagglutinin) stimulation, indicating that IL-10 
retains immunomodulatory activity when administered in vivo. In some clinical trials, 
the effects have been heterogenous; that is almost no effects were observed in rheuma- 
toid arthritis, but significant effects were observed in psoriasis (106). 

6 . CONCLUSIONS 

IL-10 is the prototypic member of a regulatory cytokine family which regulates immu- 
nity. When considering IL-10, we need to focus on two aspects: one is the initiation of 
local responses surrounding tumor cells and the other is its role in regulating systemic 
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responses. In innate immunity, local production and secretion of IL-10 by tumor cells 
or immune cells (such as infiltrating macrophages, monocytes, NK cells, eosinophils, or 
T-cells) can be helpful in limiting the progression of tumor growth, as well as impair- 
ment of macrophage or DC function and induction of both types of regulatory T-cells. 
This effect may depend upon the concentration of IL-10 within the tumor microenviron- 
ment, the density of IL-10 receptor expressed on tumor cells, or the presence of other 
regulatory circuits affecting signaling within the cells. 

Situations associated with inadequate IL-10 expression have to be considered 
(inflammatory bowel disease, and psoriasis), as well as situations in which there is IL-10 
overexpression (lymphoma, SLE, and intensive care unit patients). Under conditions by 
which high levels of IL-10 are released, such as IL 10-transfection of tumor cells, or 
when NK cells and anti- angiogenic cytokines are secreted, tumor growth is inhibited. 
Systemically, IL-10 enhances the activation of NK cells and maintains the survival of 
CD9''' T-cells. However, the roles of IL-10, as is true of virtually all other cytokines, are 
currently incompletely understood and will require intense additional study in a multi- 
tude of model systems. 
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1. INTRODUCTION 

Multiple myeloma (MM) is a clonal plasma cell neoplasm which remains incurable 
despite conventional therapy; and new treatment strategies are therefore urgently 
required ( 1 , 2 ). MM cells predominantly localize in hone marrow (BM), and their inter- 
action with BM stromal cells (BMSCs) stimulates transcription and secretion of 
cytokines from BMSCs. Cytokines in turn not only promote the growth and survival of 
MM cells, hut also reduce efficacy of conventional drugs ( 2 ). For example, adherence 
of MM cells to BMSCs triggers interleukin-6 (IL-6) and insulin-like growth factor-I 
(IGF-I), and vascular endothelial growth factor (VEGF) production from BMSCs, 
which induces MM cell growth and protect against dexamethasone (Dex)-induced MM 
apoptosis ( 3 - 8 ). High serum levels of IL-6 and IGF-I in MM patients ( 9 , 10 ) also corre- 
late with clinical drug-resistance in MM. Cytokines trigger three signaling cascades in 
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MM cells: mitogen-activated extracellular kinase 2(MEK)/extracellular signal-regulated 
kinase (ERK); phosphatidylinositol-3 kinase (PI3-kinase)/AKT; and Janus kinases 
(JAK)-signal transducer and activator of transcription (STAT) pathways. Novel treat- 
ment strategies based on targeting these signaling pathways are now being designed to 
block cytokine-mediated growth/survival and drug-resistance. In this chapter, we review 
the role of various cytokines in the biology of MM, as well as novel therapies that over- 
come cytokine-mediated growth, survival, migration and chemoresistance. 

2. INTERLEUKIN-6 (IL-6) AND MM 

Multiple lines of evidence support the role of IL-6 in the biology of MM: 1) IL-6 
induces proliferation of MM cells (3,1 1-1 3)-, 2) in vitro studies using antibodies to IL-6 
receptor show marked inhibition of MM cell proliferation (14-16)-, 3) IL-6 transgenic 
mice develop plasmacytosis fiZj; 4) deletion of IL-6 gene blocks the generation of pris- 
tine-induced plasmacytomas in BALB/c mice (18)-, 5) elevated IL-6 serum levels corre- 
late with poor prognosis and high tumor mass (9)-, 6) IL-6 serve as an osteoclast 
activating factor in MM bone disease (19)-, 7) IL-6 induces X-box binding protein 
(XBP)-l (20,21), a transcription factor essential for differentiation of normal B-cells to 
plasma cells (22,23), which is highly upregulated in patient MM cells (21,24)-, and 
finally, 7) high IL-6 levels correlate with high telomerase activity and short telomerase 
length in patients with poor prognosis (25). 

The major signaling cascades triggered by IL-6 in MM cells are MAPK, PI3K/Akt, 
and JAK-STAT pathways (24,26,27). The following events are triggered upon binding 
of soluble IL-6 to IL-6R cells: Oligomerization of signal transducer glycoprotein gpl30 
cross-phosphorylation on tyrosine residues and activation of JAK family members JAKs 
then phosphorylate tyrosine motifs in the cytoplasmic tail of gpl30 creating recognition 
sites for signaling proteins with Src-homology-2 (SH2) domains or other tyrosine 
domains. The SH2-domain containing proteins, such as members of the signal transduc- 
ers and activators of transcription (STATs) family or tyrosine phospahatase SHP2, are 
phosphorylated by JAKs upon binding to the gpl30, thereby enabling them to dimerize 
and translocate to nucleus where they bind to IL-6 response elements (ILRE) within the 
promoter region of IL-6-responsive genes and trigger their transcription (26,28-32). 
Upon activation, STAT3 homodimers or hetrodimers migrate to the nucleus, where they 
bind to the promoter regions of several anti-apoptotic proteins, including Bcl2, Bcl-x, 
(33) or Mcl-l (34,35), and initiate their transcription. Besides triggering JAK-STAT sig- 
naling, IL-6 also induces the growth via the conventional Ras-dependent MAPK cas- 
cade, which involves sequential activation of SHP2-Grb2-Sosl-Ras-Raf-MEK-MAPK 
and results in activation of transcription factors mediating growth and survival, such as 
nuclear factor- kB (NL-kB), nuclear factor-IL-6 (NL-IL6), and activating protein- 1 (AP-1) 
complex (Jun/Los) (28,29,36). IL-6 also triggers growth of MM cells via activating 
PI3-K/Akt signaling pathway (37,38). Linally, our recent study showed that IL-6 
induced growth requires phosphorylation of caveolin-1, a component of lipid rafts on 
cell surface (39). 

The above findings confirm that the signaling transduction pathways triggered by IL-6 
in MM cells involve several protein kinases and phosphatases, which may be targeted 
for therapy (Lig. 1). Drugs designed to specifically inhibit growth pathways fall into two 
categories: 1) modified protein ligands or small synthetic molecules; and 2) monoclonal 
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Fig. 1. Therapeutic strategies to abrogate signaling pathways mediating growth, survival, and drug- 
resistance in MM cell. lL-6, lGF-1 and VEGF induce growth and survival by activating MAPK, 
P13K/Akt, and JAK/STAT pathways. These pathways can be interrupted at various potential sites by 
using specific biochemical inhibitors, neutralizing antibodies, small peptides, or antisense oligonu- 
cleotides (ODNs) against the molecules mediating growth and survival. See text for details. MAPK, 
mitogen-activated protein kinase; STAT, signal transducer and activator of transcription; IL, inter- 
leukin; JAKs, Janus kinases; VEGFR, vascular endothelial growth factor receptor; PTK, VEGE recep- 
tor tyrosine kinase inhibitor. 



antibodies. Examples of biochemical inhibitors of these pathways include, antisense- 
oligonucleotides (ODNs) against MAPK (30), MEKl inhibitors PD98059, or MEKl/2 
inhibitor U0126 (40); piceatannol (JAK1/STAT3 inhibitor) and tyrphostin AG490 
(JAK2/STAT3 inhibitor) (4i); and PI3K inhibitor EY294002 and wortmannin ( 37 , 42 ). 
Importantly, the sensitization induced by these inhibitors correlated with attenuation of 
anti-apoptotic proteins including, Bcl-2, Bcl-xE, and inhibitors of apoptosis proteins 
(lAPs). A recent study demonstrated that a fusion protein of gpl30 and interleukin-6R- 
alpha ligand-binding domains acts as a potent IE-6 inhibitor ( 43 ). 

Because IE-6 activates Ras-Raf-MAPK signaling to induce growth in MM cells, 
mutations in Ras may result in loss of proliferation in these cells; however, a recent 
report showed that ectopic expression of mutated K-ras or N-ras in the IE-6-dependent 
MM cells induces cytokine-independent growth, which associated with constitutive 
activation of ERK, PI3 kinase/AKT, mammalian target of rapamycin (mTOR)/p70S6- 
kinase, and NE-kB) pathways ( 42 ). In contrast, no STAT-3 activation was noted in ras- 
mutant cells. The mTOR inhibitors rapamycin and CCI-779, the PI3 kinase inhibitor 
EY294002, and the MEK inhibitor PD98059, all markedly inhibit growth of ras-mutant 
MM cells. Growth of N-ras-mutant MM cells was blocked by overexpression of the IkB 
super-repressor gene, which abrogated NE-kB activation. These findings suggest that 
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several pathways mediating cytokine-independent growth are activated downstream of 
oncogenic ras, and that therapeutic strategies targeting these pathways may he specifi- 
cally heneficial for MM patients with ras mutations. 

Although various studies have provided evidence for the role of IL-6 in the growth 
and survival of MM cells, some cells grow in an IL-6-independent fashion. Genetic 
abnormalities ( 44 ) underlying this growth mechanism include the following: K-ras and 
N-ras mutations ( 45 , 46 )-, H-Ras mutant isolated from a MM cell line led to factor- 
independent cell growth ( 47 )-, the t(4;14)(pl6.3;q32) translocation, which occurs 
uniquely in a subset of MM tumors, results in ectopic expression of wild-type fibrob- 
last growth factor receptor-3 (FGFR3), and enhanced expression of MMSET, which 
may have a role in MM progression ( 48 , 49 )-, alterations in cyclin D1 (llql3), c-Myc 
( 50 ), c-Maf (16q23) ( 51 ) maf-B (20qll), and cyclin D3 (6p21) ( 52 , 53 ) oncogenes ( 54 )-, 
abnormalities of cell cycle regulatory protein Retinoblastoma (Rb), pl6, and p21 
( 55 , 56 )-, and intrinsic activation of signaling cascades ( 57 ). For example, a lack of Sos- 
1 activation is associated with the loss of IL-6 responsiveness in MM cells, and growth 
independent of IL-6 ( 58 ). 

3. INTERLEUKIN-6 AS AN ANTI-APOPTOTIC FACTOR 

We and others have shown that IL-6 also functions as an anti-apoptotic agent in MM 
cells ( 6 , 59 - 61 ). Apoptosis induced by Las and y-irradiation (IR) is associated with acti- 
vation of various serine/threonine kinases, such as stress activated protein kinase 
(SAPK) or c-Jun-N-terminal kinase (JNK) and p38 kinase. Although IL-6 does not res- 
cue MM cells from IR-induced apoptosis, it protects them against LAS-induced apop- 
tosis via inhibition of the JNK/SAPK pathway ( 62 , 63 ). Dex-induced apoptosis, in 
contrast, is associated with a significant decrease in the activities of growth related 
kinases, such as MAPK and p70*^^*^, without activation of JNK/SAPK and p38 stress 
kinases ( 60 ). Importantly, IL-6 inhibits both Dex-induced apoptosis and the associated 
downregulation of MAPK ( 60 ). The mechanism whereby IL-6 functions as an anti- 
apoptoic factor is unclear. Our previous study also demonstrated the role of protein tyro- 
sine phosphatase SHP2 in mediating the protective effects of IL-6 against Dex-induced 
apoptosis. Specifically, IL-6 activates SHP2 in MM cells, and treatment of MM cells 
with IL-6 and Dex induces binding of activated SHP2 with RALTK, resulting in 
dephosphorylation of related adhesion focal tyrosine kinase (RALTK). Importantly, we 
showed that RALTK is a substrate of SHP2, both in vitro and in vivo. Overexpression 
of dominant negative (DN)-SHP2 abrogates the protective function of IL-6 against Dex- 
induced apoptosis. In concert with our findings, fibroblasts from SHP2 mutant mice 
show impaired MAPK activation in response to other growth factors, such as fibroblast 
growth factor, epidermal growth factor, and insulin growth factor ( 64 ), suggesting a role 
of SHP2 during growth and survival signaling. Together, these findings demonstrate that 
SHP2 mediates the protective effect of IL-6 against Dex-induced apoptosis, and both 
RALTK and SHP2 are novel therapeutic targets in MM ( 65 ). 

Besides affecting the cytoplasmic apoptotic signaling cascades, IL-6 also negatively 
regulates mitochondria-mediated cell death pathways. It is well established that mito- 
chondria play an important role during apoptosis, because various cell death inducers 
cause a disruption in mitochondrial membrane potential, which precedes either apopto- 
sis or cytolysis ( 66 ). Mitochondria harbor two key enzymes, cytochrome-c (cyto-c) and 
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second mitochondrial activator of caspases (Smac), which are released to the cytoplasm 
during apoptosis, thereby triggering activation of caspase-9 and caspase-3 (67). In the 
context of MM, our studies have shown that Dex-induced apoptosis in MM cells is asso- 
ciated with release of Smac from mitochondria to cytosol (61,68). Importantly, IL-6 
blocks the Dex-induced Smac release, thereby preventing Dex-induced caspase-9/3 
activation and apoptosis (68). Furthermore, IL-6 inhibits Dex-induced decreases in 
mitochondrial membrane potential (69). Together, these data suggest that IL-6 prevents 
Dex-induced cytotoxicity in MM cells by blocking mitochondrial alterations. 

4. INSULIN-LIKE GROWTH FACTOR (IGF)-l 

IGF-I, like IL-6, is a potent growth and survival factor for myeloma and triggers 
growth via activation of MEK/ERK and PI3-K/Akt signaling cascades (7,70-72). 
Importantly, IGE-1 confers protection against Dex-induced apoptosis (73,74). Besides 
MEK/PI3 kinase, IGE-1 also stimulates phosphorylation of forkhead transcription factor 
(EHKR); causes accumulation of intracellular anti-apoptotic proteins including, EEIP, 
survivin, cIAP-2, Al/Bfl-1, and XIAP fSj; and increases telomerase activity via PI3- 
K/Akt/NE-KB pathway (75). IGE-1 -triggered MM cell growth is inhibited by inhibition 
of PI3 kinase, but not by inhibition of MAPK (76). Another study demonstrates that IGE-I 
promotes MM cell migration via PI3 kinase/PKC and PI3 Kinase/RhoA pathways inde- 
pendent of Akt (77). Although IGE-1, like IE-6, triggers growth in MM cells, it triggers a 
differential pathophysiologic sequelae in MM cells compared to IE-6 (8). Eor example, 
IGE-1 induces a sustained activation of NE-kB and Akt, whereas IE-6 induces transient 
activity of these molecules. Interestingly, IE-6 induces IGE-IR phosphorylation independ- 
ent of JAKs via complex formation between IE6R and IGE-IR in an IE-6R-a-transfected 
MM cell line, suggesting a cross-talk between IE-6R and IGE-IR in a synergistic man- 
ner (78). Einally, inhibition of IGE-IR activity with neutralizing antibodies (Eig. 1), 
antagonistic peptide, or the selected kinase inhibitor NVP-ADW742 induced remarkable 
antitumor activity even in MM cells resistant to various conventional therapies (72). 
Moreover, NVP-ADW742 as a single agent or in combination with other chemotherapy 
triggered significant antitumor activity in an orthotopic xenograft MM model. Together, 
these studies suggest potential clinical use of IGE-IR inhibitors in MM. 

5. TRANSFORMING GROWTH FAGTOR-p (TGF-p) 

Our previous study showed that MM cells produce TGE-P which in turn, triggers IE-6 
production from BMSCs (79). Inhibition of TGE-P receptor blocks IE-6 secretion from 
BMSCs and related MM cell growth. Serum TGE-P is associated with the degree of 
immunoparesis in MM patients (80). A recent study on 162 MM patient samples 
showed significant serum levels of TGE-P, VEGE, and EGE. Importantly all three are 
angiogenic cytokines and facilitate angiogenesis in MM (81). Interestingly, another 
member of the TGE-P superfamily, bone morphogenetic protein-2 (BMP-2), induces 
apoptosis in MM cell fines and patient’s MM cells (82). The mechanism of BMP-2- 
induced apoptosis is blockade of IE-6 autocrine loop, associated with: down-regulation 
of Bcl-xE, up-regulation of p21 (WAEl)/p27(KIPl), hypo-phosphorylation of Rb, and 
inactivation of STAT3. These data suggest potential therapeutic use of BMP-2 in MM 
patients with frequent bone lesions. 
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6. HEPARIN BINDING EGF-LIKE GROWTH FAGTORS 

Syndecan-1, a heparan sulfate proteoglycan is expressed on the MM cell surface and 
functions hy integrating extracellular signals to cytoplasmic domains of other growth 
factor receptors ( 83 ). Specifically, it hinds to various heparin-hinding growth factors 
(HB-EGF) and mediates their signaling. Gene microarray studies showed high expres- 
sion of HB-EGF transcripts in MM cells ( 84 ). Importantly, HB-EGF cooperates with 
IL-6 to induce optimal survival of MM cells both via interaction of gpl30 and EGF 
receptors and through PI3 kinase/ Akt pathway ( 85 ). Eleven members of the EGF recep- 
tor family are coexpressed in MM cells, suggesting their involvement in MM pathogen- 
esis, and confirming their use as potential novel therapeutic targets in MM. 

Hepatocyte growth factor (HGF) is also a heparin-binding MM growth factor, which 
increases bone resorption in MM patients ( 86 ). HGF serum levels are high in MM 
patients and considered as a prognostic marker ( 87 ). Recent studies have also shown 
that EGF, like HB-EGF or HGF, binds to syndecan-1 and may play a role in MM biology 
( 88 )-, however, more comprehensive studies in MM are ongoing. 

7. VASGULAR ENDOTHELIAL GROWTH FAGTOR (VEGF) 

VEGF is an angiogenic factor for MM cells ( 89 - 91 ). A marked increase in VEGF 
secretion occurred in response to either adhesion of MM cells to BMSCs or upon treat- 
ment of MM cell with recombinant IF-6 ( 92 - 94 ). Conversely, exposure of BMSCs to 
rVEGF triggered IF-6 secretion ( 92 ). These findings suggest paracrine interactions 
between MM cells and BMSCs triggered by VEGF and IF-6 ( 92 ). VEGF induces MM 
cell growth via phosphorylation of Flt-1 and activation of MAPK, whereas VEGF- 
triggered MM cell migration occurs in a PKC-dependent manner ("93) (Fig. 1). Blocking 
MAPK pathway with the specific inhibitor PD 184352 significantly reduced basal, as 
well as IF-6-induced, VEGF secretion from MM cells ( 95 ). Moreover, PI3K kinase 
inhibitors, but not p38 MAPK inhibitors, reduced VEGF secretion by MM cells and 
increased the inhibitory effect of MEKl inhibitors. A recent study shows that oncogene 
c-ma/is overexpressed in MM and the c-ma/-driven expression of integrin-[37 enhanced 
MM adhesion to BMSCs and secretion of VEGF ( 96 ). Importantly, VEGF triggers PI3 
kinase-dependent MM cell migration ( 97 ). Taken together, these data indicate that 
VEGF not only triggers angiogenesis, but also proliferation and migration of the MM 
cells in the BM milieu ( 93 ). They support the development of novel therapies based 
upon targeting VEGF and/or its receptor. In this context, our study showed that the 
VEGF receptor tyrosine kinase inhibitor PTK787 blocked MM growth and migration 
( 98 ). Finally, the pan- VEGF receptor inhibitor GW654652 demonstrated significant 
activity against MM cells in the BM milieu, without major toxicity in preclinical mouse 
models ( 99 ). These data provide the framework for clinical trials of this drug-class to 
improve patient outcome in MM. 

8. INTERLEUKIN- 1 

An earlier study demonstrated that recombinant IF- la stimulates secretion of MM 
cell growth factor IL-6 ( 100 ). IL-1[3 was later shown to mediate bone-resorbing activity 
in MM ( 101 ). Other studies confirmed both the presence of IF- 1 [3 transcripts in MM cells 
and its role as an osteoclast activating factor (OAF) ( 102 - 104 ). Moreover, IL-1[3 was 
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reported as a marker whose presence in MGUS cells may identify patients likely to 
progress to MM (105). Based on these observations, blocking IL-1[3 activity may be use- 
ful in preventing MM bone disease. In contrast, a recent study using murine MM cell line 
MPC-1 1 to evaluate use of IL-1 [3 receptor antagonist to prevent bone disease showed that 
IL-ip is not a primary factor mediating in vivo bone destruction by the MPC-1 1 cell line 
( 106). Because bone destruction is a hallmark of MM in the majority of patients, the ther- 
apeutic strategies based upon inhibiting the production or function of OAFs may be use- 
ful, but more extensive preclinical studies are needed. 

9. TUMOR NECROSIS FACTOR FAMILY 

Previous studies have shown that 1) MM patients with bone disease have high TNFa 
levels (107,108), and that 2) TNFa triggers a modest (< twofold) proliferation of MM 
cells associated with activation of MAPK but not STAT-3 (109,110). Inhibitors of TNFa 
(pentoxyphylline and roloxifen) blocked TNFa-induced proliferation of MM cells. 
Importantly, TNFa triggers NF-KB-dependent upregulation of ICAM-1, VCAM-1, or 
MUC-1 on human MM cells, thereby promoting not only interaction between MM and 
BMSCs, but also adhesion-related cytokine (IL-6/IGF-l/TGF-(3) secretion and MM cell 
growth (111). In addition to providing evidence for TNF-a as a growth/survival factor for 
MM (112), these findings confirm the involvement of NF-kB during interaction of MM 
and BMSCs (5). Furthermore, oligonucleotide array analyses showed significantly 
increased NF-kB binding activity in MM cells adherent to fibronectin compared to cells 
in suspension (113). Together, these observations suggest that TNF-a in the BM microen- 
vironment triggers NF-kB activation and thereby promotes growth/survival of MM cells. 

10. OTHER TNF FAMILY MEMBERS 

CD40 is a 48 kDa glycosylated phosphoprotein that is a member of the TNF-receptor 
superfamily. CD40 was originally identified in B -lymphocytes, and is also found on 
monocytes, dendritic cells, some carcinoma cell lines, and the thymic epithelium. CD40 
is also expressed on freshly isolated myeloma cells: CD40 specific Mo Ah G28-5 induces 
proliferation in these cells, which can be inhibited by IL-6-neutralizing mAh. (114). 
Furthermore, CV-l/EBNA cells expressing the human CD40 ligand also induced the pro- 
liferation of the MM cells (114,115). CD40 ligand is a TNFa family member, which 
alfects MM cell biology both directly and indirectly through its effects on the BM 
microenvironment. For example, CD40 ligation induces VEGF secretion in BMSCs, 
which in turn mediates MM-cell homing and migration, as well as angiogenesis (116). 
Treatment of MM cells with either sCD40E or anti-CD40 Ah induces MM cell migra- 
tion via activation of PI3/Akt NE-kB (116). Interestingly, presence or absence of p53 
may determine CD40-triggered biologic sequelae in MM cells (117). Einally, a recent 
study also showed that rhuCD40 mAh triggers autologous antibody-dependent cellular 
cytotoxicity against patient MM cells (118), which is providing the framework for clini- 
cal evaluation of rhuCD40 mAh immunotherapy to improve patient outcome in MM. 

11. BAFF AND APRIL 

BAEE/BlyS (B-cell activating factor/B -lymphocyte stimulator), a member of TNF 
family, is a survival factor for B-cells (119). BAFF has been identified as a potential 
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therapeutic target on autoreactive B-cells (120). APRIL is a related factor that shares 
receptors with BAFF and yet plays a distinct biologic role (119). The mechanism whereby 
BAFF exerts its effect involves binding to three receptors: transmembrane activator and 
CAML interactor (TACI); B-cell maturation antigen (BCMA); and BAFF receptor 
(BAFF-R). Recent studies showed that BAFF and APRIL as well as their receptors, are 
expressed on MM cells and modulate growth in an autocrine manner (121,122). 
Importantly, both BAFF and APRIL triggered activation of NF-kB, PI3 kinase/AKT, and 
MAPK kinase pathways, as well as inducing upregulation of Mel- 1 and Bcl-2 anti-apoptotic 
proteins in MM cells. Additionally, BAFF or APRIL augments survival of patient MM 
cells in BM microenvironment and protect against Dex-induced apoptosis. Finally, MM 
patient serum contains higher BAFF and APRIL levels compared to healthy donors. 
Together, these findings suggest that inhibitors of BAFF or APRIL, such as anti- 
BAFF/APRIL antibody or receptor-Fc fusion proteins, may have clinical utility in MM, 
both either alone or in combination with Dex. 

12. OSTEOCLAST ACTIVATING FACTORS (OAFs): 
RANKLAND MIP-la 

MM is associated with the development of bone disease owing to the increased activity 
of osteoclasts (OCLs) present within the BM milieu (123). The secretion of OAFs from 
MM cells (124) and BMSCs activate OCLs (125,126). Besides TNF-[3 and IL-6, receptor 
activator of NF-kB (RANKL) and macrophage inflammatory protein- la (MIP-la) are 
other OAFs implicated in MM bone disease. Osteoprotegerin (OPG), a member of the TNF 
receptor family, binds to the receptor RANKL and thereby inhibits bone resorption in the 
normal marrow milieu; in contrast, in MM BM microenvironment the balance between 
OPG and RANKL is disrupted: increased RANKL and decreased OPG results in bone loss. 
OPG blocks TRAIL/Apo2L-induced apoptosis in MM cells, which can be prevented by 
soluble RANKL. These studies suggest that OPG may function as a paracrine survival fac- 
tor for MM. Transgenic animals that overexpressed OPG developed osteopetrosis, provid- 
ing a rationale for using OPG to inhibit the imbalance in bone formation/resorption seen in 
MM. Indeed, study in the 5T33MM murine model of MM showed that inhibiting the inter- 
action between RANKL and RANK with Fc-OPG inhibits the development of MM bone 
disease (127). RANK-L antagonist RANK-Fc also reduces MM-induced osteoclastogene- 
sis, development of bone disease, and MM progression (125,128). 

MIP-la is a chemokine and an OAF in MM (129,130). Increased IL-3 mRNA levels 
in the BM milieu, together with MIP-la and RANKL, enhanced osteolytic activity and 
bone resorption, suggesting a coordinated activity of OAFs contributing to bone 
destruction in MM ( 131 ). However, another in vivo study using RANK knock-out mice 
showed that MIP-la alone is sufficient to induce MM- like destructive lesions in bone 
( 132 ). Finally, examination of gene expression profiles on 92 primary MM cells demon- 
strated a strong correlation between kappa-positive MM patient subgroup with high 
levels of MIP-la transcripts and active MM bone disease (133). 

13. ADDITIONAL GROWTH FACTORS 
AND CHEMOKINE-RELATED CYTOKINES 

Oncostatin M (OSM), leukemia inhibitory factor, and ciliary neurotropic factor 
induce growth in MM cells using the common gpl30 receptor (134,135). OSM triggers 
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tyrosine phosphorylation and activation of JAK2, hut not JAKl or Tyk2, kinases and 
direct interaction of JAK2 kinase with Grh2 (135). IL-10 affects MM cells hy stimulat- 
ing secondary signals for MM cell growth through OSM and IL-11 (136). In addition, 
IL-10 prevents all trans retinoic acid (ATRA)-induced growth inhibition of MM cells 
(136). A close relationship between OSM and IL-6 has also been demonstrated (137). 

Granulocyte/macrophage-colony stimulating factor (GM-CSF) has been reported to 
enhance the IL-6 responsiveness of MM cells (138). GM-CSF has acceptable toxicity 
in patients with MM, but increased PCLI in selected MM patients (139). Interleukin- 1 1 
can support the growth of IL-6 dependent cell lines and promote B-cell differentiation, 
but does not augment DNA synthesis by purified MM cells ( 140, 141 ). Autocrine growth 
mediated by IL-15 has been demonstrated in both MM cell lines and patient cells (142). 
IL-21 is a recently cloned cytokine with homology to IL-2, IL-4, and IL-15, which trig- 
gers growth/survival in MM via phosphorylation of Jakl, STATS, and ERK (143). 

Finally, the chemokine stromal cell-derived factor- la (SDF-la) rapidly and tran- 
siently up-regulated VLA-4-mediated MM cell adhesion to both CS-1/fibronectin and 
VCAM-1, suggesting its contribution to the trafficking and localization of these cells in 
the BM microenvironment (144). SDF-la induces proliferation, migration, and protec- 
tion against Dex-induced apoptosis via MAPK, PIS Kinase/ Akt, and NF-kB signaling 
cascades, respectively. Importantly, SDF-la also triggers secretion of IL-6 and VEGF 
from BMSCs, thereby further promoting MM cell growth, survival, drug-resistance, and 
migration in a paracrine manner (111). Recent studies further established the role of 
chemokines in the homing of MM cells to BM: MM cell lines express functional CCRl, 
CXCRS and CXCR4 receptors; and MM cells migrated in response to CCRl ligands 
RANTES and MIP-la as well as CXCR4 ligand SDE-1 (145). Thus, binding of 
chemokine receptors to ligands localizes MM cells in the BM. Eong-term engraftment 
of both MM cell lines and freshly isolated cells from MM BM has been reported in 
severe combined immunodeficient (SCID) mice and in SCID-hu mice, providing addi- 
tional models for growth of MM in vivo (146,147). 

14. THERAPIES TARGETING MM AND BM MIGROENVIRONMENT 

The above studies define the role of multiple cytokines and the mechanisms whereby 
they mediate growth and survival of MM cells. Various biochemical inhibitors of these 
growth/survival signaling cascades trigger or enhance chemotherapy-induced apoptosis 
in MM cells and have therapeutic use (148) (Eig. 1): famesyl transferase inhibitor (ETI) 
to block Ras/MAPK; 7-hydroxystarosporine (UCN-01) and MEK/2 inhibitor (149); 
JAK/STAT pathway inhibitor piceatannol (JAK1/STAT3 inhibitor) and tryphostin 
AG490 (JAK/STAT3 inhibitor) (41); STAT peptides; protein tyrosine phosphatase SHP2 
peptides; and small inducible RNA (siRNA) against anti-apoptotic proteins such as, 
Bcl2, Mcl-l, cIAPs, and XIAP, and finally, inhibitors of NE-kB pathway including 
PS-1145, Bay 11-7082, UCN-01, or curcumin. 

Delineation of the cytokine network in MM has also provided the framework to eval- 
uate, validate, and define mechanisms of many novel drugs (2,27,111). Eor example, the 
following drugs modulate interaction between MM to BMSCs and related growth/ 
survival cytokine signaling, and have demonstrated remarkable anti-MM activity: PS- 
341 (Velcade) (150,151); triterpinoid CDDO-Im (74); thalidomide/Relvimid (152,153); 
IGE-IR inhibitor (72); VEGE receptor kinase inhibitor PTK787 (98); HDAC inhibitor 
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Fig. 2. Delineation of conventional and novel apoptosis-inducing agents within the signaling cas- 
cades of MM cells. Bortezomib, 2ME2, or Triterpenoid CDDO-Im induce activation of JNK, which 
translocates to mitochondria and triggers the release of cyto-c and Smac. Dex-induced apoptotic sig- 
naling proceeds without concurrent JNK activation and cyto-c release; however, Dex triggers Smac 
release and downstream activation of caspase-9 and -3. Both IL-6 and IGF-1 block Dex-triggered 
apoptotic signaling. Bortezomib, 2ME2 or CDDO-Im induce MM cell apoptosis even in the pres- 
ence of IL-6 and/or IGF-1, suggesting that these novel anti-MM agents overcome the protective 
effects of cytokines. See text for details. Dex, dexamethasone; IL, interleukin; IGF, insulin-like 
growth factor; ME, methoxyestradiol; JNK, c-Jun-N-terminal kinase; Smac, second mitochondrial 
activator of caspases. 



SAHA (154); LAQ-824 (155); 2-Methoxyestradiol (2-ME2) (156); arsenic trioxide 
(157); LPAAT-beta inhibitor (158); HSP-90 inhibitor (159); or TRAIL (160). 
Importantly, many of the novel drugs overcome the anti-apoptotic effects of cytokines 
present in the BM milieu, such as IL-6 or IGL-1 against conventional therapies (Lig. 2). 
Based on preclinical and clinical studies, the LDA recently approved Bortezomib/Velcade 
for the treatment of relapsed/refractory MM ( 150,151 ). In addition, both thalidomide and 
Relvimid are effective therapies for refractory MM (152,153). 

Ongoing and future studies using genomics and proteomics will identify and charac- 
terize not only new signaling molecules, but also unveil the complex crosstalk between 
growth and apoptotic signaling cascades. These studies will establish the framework for 
validating novel drugs to target both the tumor cell and the microenvironment, over- 
come drug resistance, and improve patient outcome in MM. 
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1. INTRODUCTION 

Cytokines and their receptors comprise a critical communication pathway among the 
various cell types of the immune system that regulate cell growth, survival, differentia- 
tion, activation, and trafficking. As such, dysregulation of cytokine expression or secre- 
tion, cytokine-receptor expression, and their linked intracellular signaling pathways can 
result in undesired cell growth, survival, and ultimately malignant transformation. Use of 
transgenic mouse technology provides a powerful tool to better understand the physio- 
logic sequelae resulting from unregulated activation of a cytokine/receptor pair at the 
level of the whole organism. In addition to altered expression of cytokine/receptor pairs 
leading directly to malignancy, indirect effects may also he elucidated using carcinogen 
models. Although other chapters in this hook provide in depth review of individual 
cytokines’ role in the genesis or therapy of cancer, here we generally discuss transgenic 
and knock-out mouse models that lead to malignant transformation. When relevant, stud- 
ies from patients with cancer are also mentioned to provide some correlation with human 
disease, in addition to other chapters in this volume. One common theme that emerges 
from these models is the importance of chronic cytokine-induced growth, survival, or 
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Fig. 1. An example transgene: the IL-15 transgene schematic. This transgene was engineered to be 
globally overexpressed via an MHC class I promoter. The poorly translated and secreted IL-15 signal 
peptide was replaced with the murine IL-2 signal peptide, cloned in frame with the murine IL-15 
cDNA, and a FLAG epitope tag. The 3' region of the human growth hormone gene was cloned out of 
frame, providing an easy method of measuring transgene transcript expression and optimizing expres- 
sion in vivo. 



inflammatory signals as a background leading to malignant transformation. Ultimately, 
better understanding of tbe cellular and molecular events that lead to tbe development of 
cancer will help provide novel targets for therapeutic intervention. 

2. OVERVIEW OF TRANSGENIC AND “KNOCK-OUT” 

MOUSE TECHNOLOGY 

Transgenic mouse technology was developed in the early 1980s { 1 ) and provides 
powerful tools to elucidate the function of individual genes at the organism level. 
“Transgenic” commonly refers to insertion of a gene randomly into the mouse genome 
resulting in a gain-of-function genotype, and thereby allows the evaluation of the con- 
sequent phenotype in vivo. By using different promoter and regulatory elements the 
expression of the transgene can be global (i.e., in all tissues) or targeted to a specific 
tissue or cell type. In addition, strategies to include 3' genomic DNA and a poly- 
adenosine tail maximize transgene expression in vivo. For example, IL-15 transgenic 
mice were engineered using an MHC class I promoter to achieve global over expres- 
sion, and the 3' genomic region of the human growth hormone gene to optimize in vivo 
expression (Fig. 1; Section 7). Most of the murine transgenic models described in 
this chapter were engineered with transgenes randomly inserted into the mouse genome 
by the common methodology of pronuclear injection. Transgenic technologies con- 
tinue to progress, and more sophisticated transgene expression can be achieved using 
tissue specific and conditionally expressed regulatory elements (2). Furthermore, by 
utilizing homologous recombination to insert a transgene at a specific regulatory site in 
the mouse genome, one can provide endogenous control of the transgene creating a 
“knock-in” model. 

Although transgenic mice provide useful models for gain-of-function genotypes, tar- 
geted disruption of a single gene using homologous recombination (“knockout”) allows 
for loss-of-function genotypes and investigation of the resultant phenotypes. This typi- 
cally involves engineering a targeting vector with flanking arms of genomic DNA sur- 
rounding a mutated exon(s) containing a selectable marker gene cassette, such as 
neomycin. Following electroporation into mouse ES cells, homologous recombination 
of the targeting vector and the endogenous gene locus will in the end result in founders 
with one disrupted copy of the gene. Heterozygotes may then be bred to generate 
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homozygous gene targeted mice (2). For example, the strategy to generate TNF“^“ mice 
used a targeting vector that replaced 438 hp of the 5' UTR and exon 1 of the murine 
TNF-a gene with a neomycin expression cassette (3). Although loss-of-function 
gene targeted mouse models have less commonly resulted in a carcinogenic phenotype, 
the example of TNF'^" mice is discussed helow (Section 8). 

The strategies to generate cytokine transgenic mice employ different patterns of gene 
expression (e.g., promoter specificity), human or murine genes, inhred mouse strains, 
random insertion sites, copy number, and levels of gene expression. It is important to 
keep such pivotal variables in mind when comparing various mouse models, and their 
relationship to human disease. 



3. IL-6 

3.1. IL-6 and B-Cell Neoplasms 

IL-6 is a multifunctional cytokine originally identified as a B-cell differentiation fac- 
tor, but was later found to also effect T-cells, hematopoietic stem cells, hepatocytes, and 
neuronal cells (4,5). In humans, IL-6 has been associated with several hematologic 
malignancies, including multiple myeloma (6-8), B-cell lymphoma (9), and Castleman 
disease (10). A group from Osaka, Japan first created human IL-6 transgenic mice 
driven by a murine MHC Class I promoter within FVB (11) and C57bl/6 (B6) (12) 
inbred mice. The phenotype of these FVB and B6 mice included marked plasmacyto- 
sis, elevations in serum IgGl, and fatal infiltration of multiple organs by an expanded 
population of polyclonal plasma cells. However, these hIL-6tg mice did not develop a 
transplantable, monoclonal plasmacytoma. Subsequently, B6 hIL-6tg mice were 
crossed the BALB/c background where transplantable, monoclonal plasmactyomas 
exhibiting the t(12;15) chromosomal translocation and abnormal c-myc expression 
developed (12). This suggested certain genetic factors in the BALB/c inbred mouse 
strain contributed to plasmacytoma development in the setting of IL-6 overexpression, 
and agreed with known differences in mouse strain susceptibilities to induced plasma- 
cytoma growth. Kovulcheck and colleagues backcrossed the MHC-Class I driven 
human IL-6 transgene onto the BALB/c background for 20 generations, creating a com- 
plete congenic BALB/c hIL-6tg line ( 13). The majority of these congenic BALB/c hlL- 
6tg mice developed spontaneous plasmacytomas (25/45 mice) in the lymph nodes, 
peyers patches, and spleen that contained t(12;15) translocation, abnormal c-myc 
expression, and were transplantable. Interestingly, these BALB/c hIL-6tg mice were 
also found to produce follicular (13/45 mice) and diffuse large B-cell (4/45 mice) lym- 
phomas. Woodroofe et al. developed murine IL-6 transgenic mice that had an increased 
incidence of lymphoma in elderly mice, further supporting the link between IL-6 and 
lymphoma (14). 

The soluble (s)IL-6R binds to IL-6 and acts in an agonist fashion, allowing the 
IL-6/sIL-6R to act on cell types not responsive to IL-6 alone. Schirmacher et al. bred 
hIL-6tg mice (15) controlled by a metallothionein (MT)-l promoter and hsIL-6Rtg mice 
expressed via a liver and kidney specific phosphoenolpyruvate carboxykinase (PEPCK) 
promoter to yield double hIL-6/hsIL-6Rtg mice (16). The double hIL-6/hsIL-6Rtg mice 
showed accelerated spontaneous development of plasmacytomas compared with hIL-6tg 
mice (17). Pristane oil, when injected into the peritoneal cavity of BALB/C mice, results 
in the development of plasmacytomas, and is a commonly used to model plasmacytoma 
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in vivo. Further evidence of the important in vivo role of IL-6 in the genesis of B-cell 
tumors is the observation that mice with targeted disruption of the IL-6 gene (IL-6“^“) fail 
to develop pristane-induced plasmactyomas ( 18 ). 

3.2. IL-6 and Hepatic Adenoma 

hIL-6/shIL-6Rtg mice also demonstrated marked hepatocellular proliferation, with- 
out the development of frank hepatoma ( 17 ). Maione and colleagues crossed the hlL- 
6tg mice with BALB/C x C57B1/6 FI mice, and then hred double hIL-6/hsIL-6Rtg 
mice. On this inbred background, high transgene expressing hIL-6/hsIL-6Rtg mice 
developed both hepatocellular proliferation and frank hepatocellular carcinoma ( 19 ). 
These data suggest that in addition to B-cell neoplasms, IL-6/sIL-6R driven prolifera- 
tion of hepatocytes may also contribute to the development of hepatocellular carcinoma. 
These studies also highlight the importance of inbred strain specificity and the ultimate 
phenotype of transgenic mice. 

4. IL-7 AND LYMPHOMA 

IL-7 is a critical cytokine for B- and T-cell development, differentiation, and home- 
ostasis as well as peripheral lymphocyte function ( 20 ). IL-7 has been implicated as a 
growth factor in cutaneous T-cell lymphoma patients ( 21 ). Rich and colleagues engi- 
neered a murine IL-7 transgene expressed via a human immunoglobulin heavy chain pro- 
moter. These mice develop a prolonged preneoplastic polyclonal lymphoproliferative 
syndrome, which eventually transforms into monoclonal B- and T-cell lymphomas ( 22 ). 
Notably, 42/42 IL-7tg mice evaluated after 130 d of age had histologic evidence of lym- 
phoma. As the lymphomas appear to arise after chronic polyclonal expansion, the authors 
hypothesize that additional genetic hits are necessary to transform the benign lympho- 
proliferation into lymphoma. Fisher et al. ( 23 ) and Valenzona et al. (24) also documented 
immature B-cell expansion in IL-7 transgenic mice. Valenzona et al. examined the B-cell 
compartments in MHC Class Il-driven IL-7tg mice in the prelymphoma phase, and noted 
a marked increase in the proliferation of pro-B and pre-B -cells ( 24 ). This study provides 
additional support for the hypothesis that uncontrolled proliferation in a broad array of 
immature B -cells susceptible to additional genetic mutations may lead to lymphoma. 

5. IL-9 AND THYMIC LYMPHOMA 

IL-9 is a multifunctional cytokine produced by Th2 cells that acts on B -cells and 
mast cells ( 25 ), and has been implicated in Hodgkin’s disease and anaplastic large cell 
lymphoma ( 26 , 27 ). Renauld et al. engineered mIL-9tg mice driven by the pim-1 pro- 
moter and murine immunoglobulin heavy chain enhancer, resulting in global over 
expression of IL-9 ( 28 ). Small percentages (7%) of these mice spontaneously develop 
clonal CD4'^CD8'^ thymic lymphomas at 3-9 mo of age. Suspecting that additional 
genetic hits contributed to lymphoma development, the authors noted a very high sus- 
ceptibility of IL-9tg mice to the thymus-tropic V-methyl-V-nitrosourea (MNU) carcino- 
gen. Explanted tumors demonstrated an autocrine IL-9 growth pattern. Further, IL-9 has 
been shown to stimulate proliferation and inhibit apoptosis of murine thymic lymphoma 
in vitro ( 29 ). The authors concluded that IL-9 driven chronic proliferation and survival 
may predispose to additional genetic mutations, and explain the low but consistent 
frequency of thymic lymphomas. 
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Anaplastic large cell lymphoma (ALCL) is a T-cell lymphoma that typically over 
expresses the anaplastic lymphoma kinase (ALK), usually via a t(2;5) chromosomal 
translocation resulting in a fusion between the nucleophosmin (NPM) and ALK genes 
( 30 , 31 ). Lange and colleagues used a retrovirus to transduce murine hone marrow pro- 
genitor cells with the NPM- ALK fusion gene, and reconstituted IL-9tg and wild-type 
mice ( 32 ). The authors observed an increase in the spontaneous development of thymic 
lymphoma in the IL-9tg/NPM-ALK mice, compared to both IL-9tg and WT/NPM-ALK 
mice. Although suggestive that IL-9 over expression may be an early factor that con- 
tributes to T-cell lymphoma, one must be cautious in drawing definitive conclusions 
from a model system that employs concurrent cytokine transgene and retroviral recon- 
stitution with a known fusion oncogene that causes lymphoma. 

6. IL-10 AND LEWIS LUNG CANCER MODEL 

IL-10 is cytokine that limits immune activation, including inflammation, antigen 
presentation, T-cell activation, and cytokine and chemokine release, as well as adhesion 
and costimulatory molecule expression ( 33 ). Transgenic mice expressing mIL-10 were 
engineered under the control of the human IL-2 promoter, and were more susceptible to 
injection of the immunogenic murine 3LL Lewis lung carcinoma line ( 34 ). The 3LL 
lung cancer line has well characterized immunodominant epitopes and is normally con- 
trolled via a CD8-f- CTL response by immunocompetent mice in vivo. Corroborating 
evidence from patients shows that nonsmall-cell lung cancer induced 10-100-fold 
elevations in the T-cell-derived IL-10, postulated as one method to avoid CTL responses 
( 35 ). In follow-up studies, Sharma et al. demonstrated that the tumor-promoting IL-10 
effect was transferable, in that IL-lOtg T-cells transferred to wild-type mice conferred 
increased susceptibility to 3LL tumor cell challenge. Further, they documented defects 
in both T-cells and antigen-presenting cells suggesting that overproduction of IL-10 
results in multiple immune defects preventing the recognition and control of the 3LL 
lung cancer ( 36 ). Thus, over expression of a cytokine that suppresses type 1 CTL 
responses increased susceptibility to transplanted tumors in vivo. 

7. IE- 15 AND T, NK, T/NK MALIGNANCIES 

IL-15 is a pleiotropic cytokine produced by a variety of cell types including monocyte/ 
macrophages, dendritic cells, and bone marrow stromal cells that acts primarily on lym- 
phocytes ( 37 ). IL-15 appears central to NK cell differentiation and survival, and also 
affects memory CD8-I- T-cell homeostasis. As a central cytokine in lymphocyte growth, 
differentiation, and homeostasis it follows that IL-15 dysregulation leads to neoplastic 
disease. Indeed, IL-15 has been implicated in cutaneous T-cell lymphoma ( 38 , 39 ), large 
granular lymphocytic leukemia ( 40 ), and multiple myeloma ( 41 ). 

7.1. IL-15 and T, NK, T/NK Cell Leukemia/Lymphoma 

Fehniger and colleagues generated FVB transgenic mice that over express murine 
IL-15 protein via an MHC class I promoter by eliminating several post-transcriptional 
checkpoints that limit endogenous IL-15 expression (Fig. 1) ( 42 ). Early in life, IL-15tg 
mice develop a benign lymphocytosis consisting of NK cells and CD8-1- T-cells with a 
memory phenotype. Later in life, the majority of these mice develop a spontaneous, fatal, 
clonal lymphocytic leukemia/lymphoma. The phenotype of the malignant clones is 
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heterogeneous: either T-cell large granular leukemia (T-LGL and TCR[3+DX5+) with 
monoclonal TCR rearrangements, NK-LGL (TCR[3-DX5+) with monoclonal NK recep- 
tor expression, or rarely T-cell leukemia (CD8-t-TCR[3-i-DX5-) with monoclonal TCR 
rearrangements (42,43). The neoplastic cells invade secondary lymphoid organs (spleen 
and lymph nodes), liver, lung, and skin, ultimately leading to death hy 3-6 mo-of-age. 
Clonal malignancy was documented in 3 separate IL-15 transgenic lines. As the IL-15tg 
mice show a period of henign NK and T-cell growth and prolonged survival, followed hy 
the development of heterogeneous leukemia/lymphomas, it follows that the initial phase 
of extended proliferation and survival may create an environment favoring secondary 
genetic mutations that ultimately lead to malignancy. These IL-15tg mice are therefore 
an interesting model to study the genetic changes leading to the spontaneous malignant 
transformation of lymphocytes, especially NK cells, NK/T-cells, and T-cells. 

7 . 2 . Mutated HMGI-C Increases IL-15 Expression 

Causing T-NK Lymphoma 

High mobility group (HMG) proteins enhance transcription hy both binding to DNA 
via AT-hooks and protein-protein interactions with transcription factors, and can regu- 
late cytokine gene expression. Mice engineered to express a truncated form of HMG 1- 
C exhibit a giant phenotype and lipomatosis (44). In addition, late in life (>12 mo) these 
animals were noted to develop NK and T/NK lymphoma (45). This correlated with 
aberrant over expression of IL-15 and IL-15 receptor components. Further, follow-up 
experiments demonstrated that the mutated HMGl-C directly activates the IL-15 pro- 
moter in vitro. Thus, a second model where IL-15 is indirectly up regulated by expres- 
sion of a mutated transcription enhancer protein also results in the late development of 
murine NK/T lymphomas, providing additional evidence that chronic stimulation with 
IL-15 leads to NK/T malignancies. 

7.3. Clues to the Pathogenesis of IL-15-Associated 

T/NK Leukemia: Epigenetic Alterations 

IL-15 can induce both enhanced proliferation and enhanced survival of CDS memory 
cells and NK cells, two components that are likely requisite for the additional or second- 
ary hits that can lead to malignant transformation. However, the nature of such secondary 
events leading to malignant transformation of T/NK cells, in this instance, is poorly under- 
stood. Yu et al. used a technique called restriction landmark genomic scanning (RLGS) to 
perform a genome-wide analysis to determine if and how aberrant promoter DNA methy- 
lation and consequent gene silencing might contribute to leukemic transformation (46). 
Comparative samples were taken from wild-type FVB splenocytes, FVB IL-15tg spleno- 
cytes with polyclonal expansion of T- and NK-cells, and splenocytes from FVB IL-15tg 
mice that had developed T/NK acute lymphoblastic leukemia (ALL). Using a novel 
mouse Aotl-FcoRV arrayed library (47), a total of 2447 fragments on each RLGS profile 
were analyzed. Only one to two variable changes consistent with aberrant methylation 
were detected by RLGS in spleens from either wild-type mice or those with polyclonal 
T/NK expansion. In contrast, the eight T/NK ALL spleens had 45-209 changes (1. 8-8.5% 
of total fragments) consistent with aberrant DNA methylation (46). The association of 
RLGS fragment loss or reduced intensity with leukemic transformation versus polyclonal 
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expansion was highly significant {P < 0.001). Fifty-five methylated sequences were 
cloned from RLGS gels and nearly 90% had sequence characteristics of CpG islands, with 
the majority in the 5' region of genes. The promoter of inhibitor of DN A binding 4 (M4) 
was found methylated in over 85% of the mouse T/NK ALLs, and was silenced second- 
ary to promoter methylation in all cases examined. Over expression of M4 induced apop- 
tosis in mouse cell line YAC-1 and inhibited tumor growth both in vitro and in vivo. 
Subsequent studies in human leukemias established that ID4 was methylated in 72 of 84 
primary acute myeloid leukemias (AML) and in 100% of 61 chronic lymphocytic 
leukemias (CLL), and was silenced in all cases examined (46). Thus, one mechanism that 
is likely operative in this instance of IL- 15 -induced T/NK ALL is aberrant, nonrandom 
methylation of putative tumor suppressor genes that in turn contribute towards the malig- 
nant phenotype. 



8. TNF-a AND SKIN CANCER 

Many mouse models implicate cytokines in cancer pathogenesis by over expressing 
the culprit protein via transgene and observing the development of disease. An alterna- 
tive strategy to analyzing the contribution of cytokines in the early stages of neoplasia 
involves comparing the incidence of induced tumor formation in mice with targeted dis- 
ruption of the cytokine gene in question. Using this approach, the Balkwill laboratory 
has shown that mice deficient in tumor necrosis factor (TNF)-a (TNF-a”^“) are resist- 
ant to chemically induced skin carcinogenesis. Moore et al. demonstrated that mice 
deficient in TNF-a had a significantly lower incidence of skin carcinogenesis and pro- 
gression using multiple tumor-inducing regimens and two different murine genetic 
backgrounds (48). Furthermore, animals deficient in the TNF-a-inducible chemokine 
monocyte chemoattractant protein 1 (MCP-1) also had a lower incidence of carcinogen- 
esis, although not to the same extent as TNF-a“^“ mice. TNF-a was found to be impor- 
tant only for the early stages of chemically induced skin carcinogenesis: shortly after 
carcinogen treatment of wild-type mice an increase in TNF-a protein was detected in 
the epidermis and inflammation and proliferation of keratinocytes was evident. 
Moreover, in TNF-a“^“ mice there was a marked reduction in this early inflammatory 
process, suggesting that the proliferation of the keratinocytes may be regulated by TNF-a (48). 
TNF-a was not involved in the later stages of the tumor and had no effect on late tumor 
progression. This in vivo murine model identifies TNF-a as a contributor to skin 
carcinogenesis and a potential target for anticytokine therapy for the prevention of this 
cancer or treatment of the early stages of malignant transformation. 

9. CONCLUSIONS 

Transgenic and gene targeting in mice are powerful tools that allow the functional 
analysis of an individual gene at the level of the whole organism. Using such murine 
models, cytokines have been shown to contribute to carcinogenesis in vivo. Many trans- 
genic models discussed above support the idea that cytokine growth factors provide 
early sustained signals for cell survival and proliferation, which then sets the stage for 
acquiring additional mutations, ultimately leading to autonomous cell growth and 
malignant transformation (Fig. 2; Table 1). This includes IL-6 and plasmacytomas, 
IL-7 and cutaneous lymphoma, IL-9 and thymic lymphoma, and IL-15 and NK, T, 
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Murine Cytokine Transgenic and Gene Targeted Models of Malignant Transformation' 
Cytokine Promoter Strain Phenotype 
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TNFa -/- — 129 X B6 Increased susceptibility to skin cancer (46) 

“Abbreviations: C57B1/6, B6; major histocompatibility complex, MHC; phosphoenolpyruvate carboxykinase, PEPCK; metallothionein, MT; Pp, immunoglob- 
ulin heavy chain promoter; Ep, heavy chain immunoglobulin enhancer; A^-methyl-A^-nitrosourea, MNU; bone marrow transplant, BMT; anaplastic lymphoma 
kinase, ALK; nucleophosmin, NPM; high mobility group, HMG. 




Chapter 11/ Murine Models of Cytokines and Cancer Genesis 



207 



r 


Proliferation 

Survival 


• 


Transforming 

Mutations 






Cell Cycling 
Inflammation 




Additional 

“Hits” 




1 ^ 


.-V ^ 


Cytokine 

Transgenic 


Benign 

Neoplasia 


Malignancy 



Fig. 2. Model of cytokine-induced carcinogenesis transgenic mice. Prolonged exposure to growth, 
cell cycle, and survival signals by cytokines on their normal physiologic target cells results in predis- 
position to acquiring additional genetic mutations and ultimately malignant transformation. 

NK/T-cell malignancies. Transgenic models provide a framework to study the contribu- 
tion of cytokines to carcinogenesis and further identify the cellular and molecular events 
and mechanisms critical to the development of cancer. These mouse models also pro- 
vide an arena to test experimental therapeutic interventions, with the ultimate goal to 
improve our understanding and treatment of malignancies in our patients. 
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1. INTRODUCTION: CYTOKINES IN CANCER IMMUNITY 

Cancer immunosurveillance has been debated for well over a century, but more 
recent experimental data over the past 15 years has clearly been supportive for an 
important role for cytokines and other effector molecules in host resistance to transfor- 
mation ( 1 , 2 ). Importantly, this molecular biology era has brought with it the discovery 
of new hormones (cytokines such as IL-2 and interferons [IFNs]) and messengers 
(chemokines) that activate and direct leukocytes in a coordinated fashion. Clinical 
application quickly followed ( 3 ) and immune cell/cytokine immunotherapies now her- 
ald the promise of new forms of cancer therapy. Cytokines have pivotal effects on the 
carcinogenic process. On the one hand they can be involved in the activation of immune 
effector mechanisms that limit the growth of the tumor, but on the other they may con- 
tribute to inflammation, transformation, tumor growth, invasion, and metastasis (as dis- 
cussed in earlier chapters). Cytokines are produced by host stromal and immune cells, 
in response to molecules secreted by the tumor cells or as part of inflammation that fre- 
quently accompanies tumor growth. Tumor cells also produce cytokines in the same 
environment. How a local cytokine network operates in tumors is determined by the 
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array of cytokines and receptors expressed and their relative concentrations. The net 
cytokine environment likely varies at various stages of tumor development. 

The “danger model” ( 4 ) postulates that dendritic cells (DC) act as sentinel cells for 
monitoring tissue stress, damage and/or transformation and thereby initiate the immune 
response. Danger signals may act on DC precursors and promote DC maturation and 
activity. These signals may he heat-shock proteins (HSPs), released as a result of tumor- 
cell damage or necrosis, and proinflammatory factors, including cytokines, released hy 
dying tumor cells, as well as reactive host cells such as macrophages, NK cells and other 
cells characteristic of the innate response. Cytokines, such as interleukin- 1 (IL-1), tumor 
necrosis factor (TNF-a), type I IFN, granulocyte-macrophage colony-stimulating factor 
(GM-CSF), and IL-15, can promote DC differentiation and activity hy multiple mecha- 
nisms, including increased costimulation between DCs and T-cells. Tumor-associated 
antigens (TAAs) are captured by DCs by several mechanisms, including the uptake of 
tumor-cell apoptotic bodies or necrotic materials. DCs may then acquire a highly acti- 
vated mature phenotype and, as a result of exposure to distinct chemokines and/or 
cytokines, migrate to the lymph nodes, where the processed TAA-derived peptides are 
presented to CD4"'' or CDS'*' T-cells in the context of MHC class-II or class-I molecules, 
respectively. Activation of other immune components such as B -cells also has important 
consequences for host immunity to tumor. The cytokine environment created at the tumor 
site may direct an immune response towards tolerance or immunity. Type-1 cytokines 
(i.e., TNF and IFN-y) are involved in T-helper 1 (Thl) immune responses and mainly 
induce cell-mediated immunity; by contrast, type-2 cytokines (i.e., IL-4, IL-5, IL-6, IL-10, 
and IL-1 3) are involved in Thl immune responses and promote humoral immunity 
against tumors and/or immune deviation to a state of tolerance. In the case of effective 
antitumor immunity, CD4''‘ and CDS'*' T-cells can migrate to the tumor site, where the 
attack on tumor relies on both innate and adaptive cellular and humoral responses. 

An important advance in the molecular biology era has been the new capability to 
assess the physiologic function of a particular cytokine gene by gene-targeting specific 
mutations in mice. This technology has had a considerable impact on our ability to 
study both cancer and immunity in experimental mice and has played a large part in 
rekindling the concept of cancer immunosurveillance (Table 1). Mice gene-targeted for 
cytokines and their receptor counterparts, such as members of the IFN family and mem- 
bers of the TNF superfamily have all proven extremely informative tools for studying 
tumor immunity. This review focuses on the most important developments that eluci- 
date a role for these types of cytokines in promoting tumor immunity. Studies where 
cytokines have been examined in an ectopic or immunotherapy context have previously 
been published and reviewed extensively and will not be discussed here ( 5 - 12 ). We will 
concern ourselves with studies using mice deficient in cytokines by virtue of gene- 
targeting or neutralizing antibodies. 

2. CYTOKINES THAT PROMOTE TUMOR IMMUNITY 
2.1. Type I IFNs in Tumor Immunity 

The type I IFN family consists of at least 13 functional subtypes of IFN-a, IFN-[3, and 
IFN-co ( 13 ), which share the same receptor system and exhibit similar, but not yet fully 
discemable, biologic activities. Type I IFN are currently used in cancer therapy ( 14 ), but 
despite much experience in the clinical use of IFN, the primary mechanisms underlying 
the antitumor response are multiple, complex, and not completely understood. IFN may 
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Table 1 

Cytokines Promoting Cancer Immunosurveillance 


Mice/treatment 


Deficiency 


Tumor susceptibility 


STATl-/- 


IFN-y and IFN-a/p 


Spontaneous intestinal 




mediated signaling 


and mammary neoplasia (41) 


STATl-/- 


IFN-y and IFN-a/p 


MCA-induced sarcomas 




mediated signal 


Wider spectrum in p53“^“ background 
Mammary carcinomas (41) 


IFNGRL'- 


IFN-y receptor 1, IFN-y 


MCA-induced sarcomas (33) 




sensitivity 


Wider spectrum in p53“^“ background 


IFN-'T^- 


IFN-y production 


MCA-induced sarcomas 
Spontaneous disseminated 
lymphomas (34,35) 

Spontaneous lung adenocarcinomas 
in BALB/c background (34) 


GM-CSF-/- 


GM-CSF and IFN-y 


Spontaneous lymphomas 


IFN-y^- 


production 


Variety of non-lymphoid solid 
tumors (39) 


Perforim^^ 


Perforin-mediated cytotoxicity 


MCA-induced sarcomas 


IFN-^-/- 


and IFN-y production 


Spontaneous disseminated 
lymphomas (34) 


LMP2-/- 


IFN-y-inducible low molecular 
mass polypeptide-2 
(LMP2) subunit 


Spontaneous uterine neoplasias (40) 


TRAIL 


TRAIL-mediated cytotoxicity 


MCA-induced sarcomas (88) 


Anti-TRAIL 


TRAIL-mediated cytotoxicity 


MCA-induced sarcomas 
Spontaneous sarcomas, disseminated 
lymphomas in p53^^“ background (89) 


IL-12p40-'- 


IL-12 p40 subunit, IL-12 
and IL-23 production 


MCA-induced sarcomas (70) 



act directly on the tumor, but most often IFN appears to induce host mechanisms, includ- 
ing immunity, to achieve inhibition of the primary tumor and metastases. 

IFN-a has a well-known antitumor activity in mouse and human malignancies 
(reviewed in refs. 9 and iO). It was first postulated that IFN acted primarily through host- 
dependent mechanisms (Fig. lA). Locally produced IFN-a stimulates increased cyto- 
toxic killing activity of regional NK cells ( 15 , 16 ) and stimulates the proliferation of NK 
cells ( 17 , 18 ). IFN-a stimulation of NK cell-mediated cytotoxicity of tumors is important 
in the clinical remission of chronic myelogenous leukemia (CML). IFN-a also enhances 
the production or secretion of other cytokines by the NK cell through the autocrine IFN-y 
loop ( 16 , 19 , 20 ). IFN-a influences CDS''' T-cell and B-cell adaptive-immune responses 
( 21 , 22 ), by up-regulating class I and class II MFIC expression ( 23 , 24 ), and increasing 
antigen presentation, immune surveillance, and cognate CDS'*' T-cell-mediated killing of 
neoplastic cells ( 23 , 21 ). The absence of CTL activity typically observed in patients with 
post-transplant lymphoproliferative disorders can be restored with IFN-a therapy ( 25 ). 
The essential role of IgG2a antibodies specific for TAAs and CD4'*' T-cells was revealed 
in IFN-a induced suppression of tumor growth in mice (reviewed in ref. 9). Other mech- 
anisms also contribute to IFN antitumor activity. Important recent studies have demon- 
strated the importance of IFN in the induction of apoptosis in cancerous cells by a variety 
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^ Up-regulation of MHC (class I & II) 

Antl-proliferative/apoptotic effect 

Sensitize death receptor-mediated apoptosis (Fas, TRAILR) 

IFN-Ct/p Upregulation of p53 . . 

Enhance memory T celi proliferation/survival 

Induction of tumor specific antibody production (CD4) 
Induction of tumor specific Tc (CDS) 



Tumor 



IFN-y 



Enhanced IFN^ production 
Increased cytotoxicity 
Stimulate proliferation 



IFN-o/p 



IFN-o/p 



Differentiation/maturation 
Enhance migration 



B 



IFN-y Up-regulation of MHC (class I & II) 
Anti-proliferative/apoptotic effect 
Sensitize death receptor-mediated apoptosis 



Blood vessel 



Anti-angiogenesIs 
(IP-10, Mig Induction) 




Induction of Thi response 



Differentiation/maturation 



Increased cytotoxicity 
Upregulation of TRAIL, FasL 



IFN-y 



Fig. 1. (A) Mechanism of action of type I IFN.IFN-a expression occurs before the majority of the 
other innate-immune response cytokines, and it has been proposed that IFN is the first cytokine 
secreted by APC after antigen stimulation (163). Plasmacytoid DC precursors (pDC) are the profes- 
sional IFN-a/p secretor cells (164) that secrete between 200 and 1000 times more IFN-a than any 
other white blood cell ( 165). In addition, type 1 IFN acts as an important signal for differentiation and 
maturation of DCs (166,167). A possible sequence of events might be that IFN-a, produced by cells 

( Continued next page) 
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of mechanisms (26,27). Transcription of the p53 gene is induced hy IFN, thereby boosting 
p53 responses to stress signals. IFN has also been shown to inhibit hepatocarcinogenesis 
in a rat model in a p53-independent manner (28). 

Few studies to date have reported tumor growth and metastasis in IFN- or IFN 
receptor-deficient mice. One recent study has demonstrated that IFN- (3-deficient mice 
are more susceptible to experimental lung carcinoma growth (29). An elegant series of 
studies using Stat-1 -deficient tumors and Stat-1 -deficient mice illustrated that NK cells 
mediated the antitumor effects of IFN-a and Stat-1 function in immune cells was key 
for the antitumor activity of IFN-a (30). Future studies with conditional type I IFN and 
IFN receptor gene-targeted mice will be required to further our understanding of the pri- 
mary role IFN plays in cancer immunosurveillance. Families have been described which 
lack the IFN-y receptor (31). These individuals appear to be highly susceptible to 
mycobacterial infection, but to date no increase in the frequency of malignancies has 
been noted. We are not aware of any reports of individuals lacking the genes for type I 
IFN receptor, suggesting they are essential molecules for survival. The therapeutic 
activity of type I IFN has been elaborated in great detail in Chapter 19 of this book. 

2.2. IFN-y/ IFN-y Receptor Pathway in Tumor Immunity 

Dighe et al. first observed that immunogenic fibrosarcomas grew avidly at higher 
incidence in mice treated with a neutralizing monoclonal antibody (mAh) against IFN- 
y (32). Furthermore, over expression of a dominant-negative mutant of IFN-y receptor 
in these sarcoma cell lines abrogated tumor sensitivity to IFN-y, and those tumors with 
mutant receptors showed reduced immunogenicity in syngeneic mice. Thus, the IFN-y 
sensitivity of the developing tumor was critical for its immune recognition and elimina- 
tion. More recently, supporting studies using both IFN-y receptor (IFN-yR)-deficient 
mice (33) and IFN-y-deficient mice (34,35) have confirmed that host IFN-y suppresses 
tumor metastasis, methylcholanthrene (MCA)-induced sarcoma formation, and sponta- 
neous tumor formation in p53 mutant mice. In the MCA model previous studies have 
implicated NK cell and NKT-cell IFN-y production in the host response (36), but recent 
work suggests that y6'''T-cells are also an important source of IFN-y during the pro- 
tective phase (37). Mice either lacking IFN-y or IFN-y-R were considerably more 



Fig. 1. (Continued) such as pDCs and macrophages, enhances innate immunity by activating NK 
cells and other host reactive cells. This allows destruction of tumor cells and the capture and presenta- 
tion of tumor associated antigens by DCs. IFN-a then promotes the differentiation, migration and 
activity of DCs. Lastly, IFN-a enhances the in vivo proliferation and survival of memory T-cells, thus 
leading to an increase of overall humoral and cellular antitumor immunity. IFN-a may also have direct 
antiproliferative or sensitize tumor cells to apoptosis through the up-regulation of tumor cell-surface 
expression of the TRAILR and Fas (85,168). IFN-a has also been shown to influence lymphocyte traf- 
ficking through autocrine effects by contributing to the mobilization and sustainance of the adaptive- 
immune response (169,170). (B) Mechanism of action of type II IFN. IFN-y has also been shown to 
function at many additional points in the cancer immunosurveillance process (51,171,172). IFN-y sen- 
sitivity in the tumor cells has been shown to be critical for efficient up regulation of the MHC class I 
and II antigen processing and presentation pathway in the tumor and recognition by tumor specific 
CD8^ T-cells (41) as well as for the induction of angiostatic chemokines [i.e., CXCL9 (MIG) and 
CXCL-10 (IP-10)] that inhibit angiogenesis within the developing tumor (173). IFN-y production by 
NK cells and T-cells in response to dendritic cell (DC) IL-12 production may result in the contribution 
of IFN-y to DC maturation, and IL-12 driven lymphocyte cytotoxicity or cytokine effector function. 
IFN-y secretion may also regulate the level of death ligands, TRAIL and FasL, on NK cells. 
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susceptible to MCA-induced sarcoma and all tumor types resulting from the loss of p53 
alleles. More recently, HTLV 1 Tax transgenic mice were shown to develop T-cell lym- 
phoma earlier on an IFN-y-deficient background ( 38 ). Signal transducers and activators 
of transcription 1 (STATl) is a critical transcription factor for IFN-y R induced signal 
transduction and STATl -deficient mice display a low incidence of mammary tumor 
development on the 129 Sv background. We have shown that a small proportion (<15%) 
of BALB/c IFN-y deficient mice developed lung adenocarcinoma, but otherwise failed 
to develop tumors, whereas almost half the IFN-y-deficient mice on a C57BL/6 back- 
ground developed a spectrum of various T-cell lymphomas ( 34 ). By contrast Enzler et al. 
( 39 ) reported a mixture of solid and lymphoid neoplasms in C57BL/6 mice deficient for 
both GM-CSF and IFN-y, but no tumors in C57BL/6 IFN-y-deficient mice. Collectively, 
the findings suggest that the immune system does regulate some lymphoid and epithe- 
lial malignancies through pathways controlled by IFN-y and the genetic background of 
mice appears to an important factor in spontaneous tumor development. Increased 
tumor formation in LMP2 (IFN-y-inducible low molecular mass polypeptide-2 sub- 
unit)-deficient mice ( 40 ), further demonstrates the diverse role IFN-y plays in tumor 
immunity. Immunohistochemical studies have shown that human tumors frequently 
downregulate peptide transporters associated with antigen processing (TAP-1 and TAP- 
2), and proteasome subunits LMP-2 and LMP-7. In most cases, TAP expression can be 
restored by treatment with IFN-y, suggesting a reversible inhibition of gene transcrip- 
tion. Thus, specifically, the data indicate that IFN-y plays a central coordinating role 
leading to activation of both immune and nonimmune processes that result in destruc- 
tion of developing tumors in which the tumor cell itself is a critical target of IFN-y 
activities (Fig. IB). 

IFN-y sensitivity in the tumor cells has been shown to be critical for efficient up- 
regulation of MFIC class I antigen processing and the induction of angiostatic 
chemokines that inhibit angiogenesis within the developing tumor. In particular, recent 
work has shown that immune system components such as IFN-y may also promote the 
emergence of primary tumors with reduced immunogenicity that are capable of avoid- 
ing immune destruction ( 41 ). Poorly immunogenic MCA-sarcoma cells derived from 
IFNyRl”^” mice became highly immunogenic after ectopic expression of wild-type 
IFNyRl and restoration of IFN-y sensitivity ( 33 ). These observations prompted the 
development of the cancer immunoediting hypothesis by Schreiber and colleagues to 
more accurately reflect the sculpting of tumors by the immune system throughout tumor 
development ( 2 , 42 ). Studies in the MCA model have also suggested a possible role for 
IFN-y in generating a foreign body reaction to the carcinogen that limits its spread and 
DNA damage ( 43 ), but many other roles for IFN-y remain plausible. Constitutive acti- 
vation of telomerase is a key step in the development of human cancers and recently 
IFN-y has been shown to repress human teleomerase reverse transcriptase (hTERT) 
transcription in an IRE- 1 -dependent manner ( 44 ). In addition, the antitumor activities of 
many other cytokines and immunotherapies appear to depend upon host lEN-a and/or 
IEN-y(e.g., IE-27, CCE19, a-GalCer, BCG, CpG) ( 45 - 52 ). 

2.3. IL-12 in Tumor Immunity 

The biology of IE- 12 and its receptor subunits has been previously reviewed ( 8 ). IE- 12 
plays an essential role in the interaction between the innate and adaptive arms of immu- 
nity ( 53 ). Produced by phagocytic cells, B-cells, DC, and possibly other APC following 
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the encounter with pathogens, IL-12 acts on NK cells and T-cells to generate cytotoxic 
lymphocytes. IL-12 is also responsible for Thl cell differentiation, allowing potent pro- 
duction of IFN-y. IFN-y, in turn, has a powerful enhancing effect on the ability of 
phagocytes and DC to produce IL-12, thereby creating a potent positive feedback mech- 
anism that promotes strong cell-mediated immunity. IL-12 receptors (IL-12R) are 
expressed on activated T- and NK-cells (54), although expression of IL-12R on other 
cell types has also been shown. IL-12 and IFN-y are the only cytokines that induce the 
activation of STAT4 (55). IL-12 induces the activation of STAT4 and STAT4, through 
the production of IFN-y, mediates most but not all of the biologic activities of IL-12. 

It has been clear that IL-12 has potent antitumor activity since the pivotal study by 
Brunda et al. (56). A number of different experimental mouse tumor models have been 
used and the behavior of IL-12 in these settings has been elegantly reviewed (8). A 
range of papers reporting IL-12 antitumor activity against a variety of transplantable 
murine tumors have highlighted that IL-12 activity depends on tumor immunogenicity, 
cytokine dose, route of injection, production of extracellular-matrix proteins, sensitivity 
to IFN-y, and dependence on neo-angiogenesis. Effector cells required for the antitumor 
effects of IL-12 include NK, NKT, and both CDS'*' and CD4"'' T-cells (reviewed in 
refs. 8,57-59). IL-12-activated NK cells may directly cause tumor cell death or affect 
the integrity of the tumor vascular endothelium. IFN-y, TNF, and other pro-inflamma- 
tory cytokines induced by IL-12, cause the production of CXCR3 ligands, such as the 
IP- 10 and Mig chemokines; that affect the differentiation of newly formed vessels or 
attract activated NK and T-cells that damage endothelial cells (reviewed in ref. 8). IFN- 
y and a cascade of other pro-inflammatory cytokines induced by IL-12 have a direct 
toxic effect on the tumor cells or may activate potent anti-angiogenic mechanisms 
(60-63). IL-12, through IFN-y and other pro-inflammatory cytokines, also induces the 
production of oxygen and nitrogen metabolites that are toxic for certain tumors. Several 
other cell types may also be indirect targets of IL-12, including DC, macrophages, neu- 
trophils, and endothelial cells (64,65). IL-12 can also enhance the production of anti- 
bodies able to activate the complement cascade and to opsonize tumor cells rendering 
them sensitive to the cytotoxic activity of myeloid and NK cells. In particular, IL-12 
induction of Thl responses augments the production of opsonizing and C' fixing classes 
of IgG antibodies that have been demonstrated to have antitumor activity in vivo. 

In most experimental models, the antitumor effect of IL-12 was IFN-y-dependent and 
at low doses, the ability of IL-12 to induce an antigen-specific immunity relies mostly 
on its capacity to induce Thl and CTL responses (66). Several promising immunomod- 
ulators such as the CDld reactive glycolipid a-galactosylceramide (a-GalCer) (67) 
stimulate IL- 12-dependent antitumor immunity in mice. The ability of IL-12 to augment 
antigen- specific immune responses and to deviate the immune response to the effector 
mechanisms most active against tumors makes it a potentially efficient adjuvant for can- 
cer vaccine. A good recent example would be the adjuvant effect of IL-12 in promoting 
a vaccine that prevents spontaneous mouse gastrointestinal tumors via humoral immu- 
nity (68). However, the variability and the lack of general rules underlining the antitu- 
mor function of IL-12, might explain why its initial clinical use has been troublesome. 
New approaches such as evaluating new gene targets for IL-12 activity by microarray 
may prove useful in this respect (69). 

Endogenous IL-12 appears also to be important for host resistance to transplantable 
tumors and to MCA-induced fibrosarcoma (70). Exogenous IE-12 treatment also has 
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often a dramatic antitumor effect on transplantable tumors, on chemical carcinogen- 
induced tumors ( 71 , 72 ), and in tumors arising spontaneously in genetically modified 
mice ( 73 , 74 ). Patients with genetic deficiencies in the expression of IL-12 p40 chain or 
the IL-12R1 chain are susceptible to bacterial infections ( 75 ), but the development of 
malignancies in these patients has not been reported. Reported clinical trials with IL-12 
have been limited until now. IL-12 has shown to have only a modest clinical efficacy in 
the face of considerable toxicity (reviewed in ref. 8 ). IL-23 comprising IL-12p40 and a 
distinct pl9 subunit, is produced predominantly by macrophages and DC. The antitumor 
effects of IL-23 remain comparatively poorly studied, however the growth of tumors 
expressing IL-23 was suppressed ( 76 ). The IL-12 family member, IL-27, also suppresses 
tumor metastases in mice in a CD8^ T-cell-, T-bet- and IFN-y-dependent manner ( 45 ). 

3. DEATH RECEPTOR CYTOKINE PATHWAYS 
IN TUMOR IMMUNITY 

3.1. TRAIL 

Members of the TNF superfamily that induce tumor cell apoptosis have been shown 
to contribute to tumor immunity. TNF-related apoptosis-inducing ligand (TRAIL), also 
known as Apo2 ligand, is a type II transmembrane protein belonging to the TNF super- 
family ( 77 ). At least five receptors for TRAIL have been identified in humans (only one, 
DR5 [TRAIL-R2] in mice) and two of them, DR4 (TRAIL-Rl) and DR5, are capable of 
transducing an apoptotic signal ( 78 ). The other three receptors (TRAIL-R3, TRAIL-R4 
and a soluble receptor called osteoprotegerin [OPG, TRAIL-R5]) lack death domains but 
may serve as decoy receptors to regulate TRAIL-mediated cell death. TRAIL expression 
is only found on a small subset of immature liver NK cells (-25-35%) ( 79 , 80 ), although 
expression can be induced on NK, T, monocytes and dendritic cells upon stimulation 
with cytokines such as IL-2, IFN or IL-15 ( 81 - 85 ). IFN“^“ and IFNR“^“ mice have 
decreased TRAIL expression on NK cells ( 79 , 86 ), suggesting that IFN is important in the 
in vivo regulation of TRAIL. In mice, TRAIL has been shown to contribute to NK cell 
suppression of primary subcutaneous or orthotopic tumor growth ( 87 , 88 ) and tumor 
metastasis. In experimental models, natural TRAIL-mediated antimetastatic activity was 
restricted to the liver ( 79 , 80 , 88 , 89 ). Administration of a neutralizing anti-TRAIL mono- 
clonal antibody has also been shown to promote fibrosarcoma development in mice sub- 
cutaneously injected with the chemical carcinogen methylcholanthrene and 
TRAIL-deficient mice have an earlier onset and increased susceptibility to these tumors. 
The protective effect of TRAIL was at least partly mediated by NK cells and completely 
dependent on IFN ( 88 , 89 ). In addition, TRAIL has also been shown to play a role in con- 
trol of spontaneous tumor development in p53"''^” mice, where IFN- has also been impli- 
cated in surveillance ( 89 ). It appears that IFN- regulates TRAIL-mediated tumor 
surveillance by controlling TRAIL expression on effector cells, but also by sensitizing 
tumor cells to TRAIL-mediated cytotoxicity ( 89 ). Indeed, tumors emerging from wild- 
type mice appear generally TRAIL resistant, whereas those from TRAIL-deficient mice 
are most often TRAIL-sensitive. These data suggest that TRAIL is an important immu- 
noediting mechanism in tumor development. Tumor cells are inherently more resistant to 
TRAIL when they over express cFLIP ( 90 ). In contrast to perforin that selectively pro- 
tected mice from disseminated lymphoma ( 91 ), TRAIL, like IFN-y, additionally sup- 
pressed sarcoma formation in p53 mutant mice. Recently, a role for TRAIL in 
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T-cell-mediated graft vs leukemia has been shown in mice (92). In humans, TRAIL 
expression is up-regulated on CD56+ NK cells in hepatocarcinoma patients responding 
to chemotherapy (93) and TRAIL positive effector cells have been found in regressing 
primary melanomas of patients undergoing IFN therapy (94). This data support the con- 
tention that TRAIL on NK cells might also be a therapeutically useful pathway in 
humans. Strikingly, a recent clinical study has shown that bladder carcinoma patients that 
responded to BCG therapy had significantly higher urine TRAIL levels vs nonresponders 
and TRAIL expressing neutrophils (95). TRAIL is a rare example of an effector mole- 
cule that kills many types of transformed cells, but spares most normal cells (96). One of 
the attractive features of TRAIL is its ability to kill cancers with mutations in the p53 
gene. The combination of TRAIL with chemotherapeutic agents has been found to be 
particularly effective in killing cancers with wild-type p53, presumably through induc- 
tion of DR5 expression (97). Not all cancer cells are sensitive to the cytotoxic effects of 
TRAIL (98). Bax mutation in mismatch repair-deficient tumors can cause resistance to 
TRAIL therapy, but pre-exposure to chemotherapy rescues tumor sensitivity (99). A very 
recent study has highlighted the important role MYC over expression may play in tumor 
sensitivity to TRAIL/DR5-mediated cell death (100). 

3.2. FasL 

Among other members of the TNF superfamily, mice and humans mutant for Fas lig- 
and (FasL) have also been shown to develop lymphoid malignancies (101,102). In addi- 
tion, about 10% of multiple myeloma patients have Fas mutations that may affect function 
(103). Together, these findings suggest a role for the Fas/FasL pathway in the inhibition 
of tumor development. Lpr (Fas mutant) and gld (FasL mutant) mice exhibit an increased 
incidence of tumor development when backcrossed to bcl-2- or E-myc-transgenic mice 
(104,105), suggesting that a defective Fas/FasL pathway allows the accumulation of 
mutations that initiate tumor development, but alone are weak inducers of tumorigenesis. 
Fas-sensitive melanomas have been demonstrated to metastasize to the lung in gld mice 
but not in wild-type mice (106), and IL- 18 -mediated suppression of tumor metastases in 
mice is mediated predominantly by FasL expressing NK cells (107). These data demon- 
strate the importance of the Fas/FasL pathway in the control of tumor spread. Although 
high levels of Fas expression have been reported on some colon, ovary, breast, prostate, 
and liver tumors (108,109), many tumor cells do not constitutively express Fas. NK cells 
have been demonstrated to stimulate Fas expression on tumor cells in vitro, and to subse- 
quently induce Fas-dependent apoptosis in these targets (110). Tumor cells that lack Fas 
expression have also been shown to up-regulate Fas when passaged in vivo (110). 
Expression of EEIP or CrmA in Eas sensitive tumors has been shown to protect them from 
Eas mediated apoptosis, suggesting that EEIP and CrmA may function as tumor progres- 
sion factors, protecting MHC class I-deficient tumors from NK-cell mediated rejection in 
vivo (90,110). Collectively, these data indicate that EasE-mediated apoptosis might in 
some situations be an important means of NK cell-mediated tumor clearance. EasE/Eas 
interactions were also important in the therapeutic activity of adoptive immunotherapy 
using CTE in a mouse model of experimental tumor metastases (111). 

3.3. TNF 

TNE binds as a homotrimer to two distinct homotrimeric receptors on the cell sur- 
face: TNERI (p55 receptor) and TNERII (p75 receptor) (112). TNE is a vital cytokine 
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involved in inflammation, immunity, and cellular organization (113). It was first 
isolated from the serum of mice infected with Bacillus Calmette-Guerin treated with 
endotoxin, and was shown to replicate the ability of endotoxin to induce hemorrhagic 
tumor necrosis (114), thus ending a long search for an important component of 
“Coley’s mixed toxins.” Although activated macrophages are a major source of TNF, 
TNF is also produced hy other cells including fihrohlasts, astrocytes, Kupffer cells, 
smooth-muscle cells, keratinocytes, and tumor cells. 

Paradoxically, TNF-deficient mice have provided evidence both of a role in tumor 
immunosurveillance for TNF (115,116) and a role for TNF in tumor development and 
metastasis (117,118). In preventing tumor formation, TNF may have its most significant 
role in promoting immune cell migration and chemotaxis (116). However in some situa- 
tions, promoting lymphocyte trafficking to lymphoid organs can also contribute to tumor 
formation. Plasmacytoid tumors that develop in FasL mutant mice were reduced in mice 
additionally deficient for TNF ( 119). TNF may have induced the expression of chemokines 
(chemotactic cytokines), which regulate trafficking and accumulation of potentially trans- 
formed cells into lymph nodes (119). TNF-deficient mice had ten times fewer skin tumors 
than wild-type mice after initiation with a carcinogen and repeated application of 12-0- 
tetradecanoylphorbol- 13 -acetate (TPA) (117). TNF-deficient mice exposed to carcinogen 
had reduced levels of matrix metalloproteases and it is known that TNF promotes further 
tumor remodelling by stimulating fibroblast activity, tumor-cell motility, and tumor inva- 
sion via the induction of matrix metalloproteinases (120-122). Similarly, TNFRI”^” mice, 
and to a lesser extent TNFRII“^“ mice, also showed resistance to skin carcinogenesis. A 
tumor-promoting role of TNF has also been demonstrated in models of hepatic carcinogen- 
esis and metastasis (123-125). Expression studies have confirmed elevated concentrations 
of TNF in tumors and associations between single nucleotide polymorphisms (SNPs) in the 
TNF gene and a range of cancers exist (reviewed in ref. 126). In summary, TNF has a par- 
adoxical role in cancer, inducing destruction of blood vessels and cell-mediated killing of 
certain tumors, as well as acting as a tumor promoter. Its role in cancer progression has gen- 
erated interest in the use of TNF antagonists for the prevention and treatment of cancer. 
This is reviewed extensively in Chapters 4 and 23. 

The TNF superfamily member LIGHT (also known as TNFSF-14) is a ligand of stro- 
mal cell-expressed lymphotoxin-(3 receptor and T-cell-expressed herpes viral entry 
mediator (HVEM). Eorced expression of LIGHT in the tumor environment induces a 
massive infiltration of naive T-lymphocytes and activation of these infiltrating T-cells, 
possibly through HVEM, leads to the rejection of established, highly progressive 
tumors at local and distal sites (127). Several members of the TNER superfamily includ- 
ing 0X40, 4-lBB, CD27, CD30, and HVEM deliver costimulatory signals both early 
and late after encounter with antigen (reviewed in ref. 128) and thus have the capacity 
to initiate and sustain T-cell responses to tumors. 

4. GM-CSF AND FLT3 LIGAND IN TUMOR IMMUNITY 
4.1. Mechanism of Action 

Another group of cytokines are particularly important in their effects on APC. The 
ability of GM-CSF to enhance antitumor immunity was identified through an in vivo 
screen of a large number of immunostimulatory molecules. GM-CSF-secreting tumor 
cells have been revealed as powerful vaccines in a number of model systems (reviewed 
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in ref. 7), where GM-CSF generates mature CD8''‘CDllb''‘ DCs that effectively capture 
dying cancer cells and induce coordinated cellular and humoral immunity (129,130). An 
alternative approach is to expand and activate DC in vivo using the cytokine Flt3 Ligand 
(FL). FL drives the expansion of both lymphoid-related DC and myeloid-related DC. 
Immunization of FL-treated mice with a protein antigen leads to increased production 
of antigen-specific antibodies and Th cell responses. FL administration leads to the gen- 
eration of protective antitumor immune responses in mouse experimental tumor mod- 
els, and these effects were mediated by CTL and/or NK cells ( 131,132 ) (reviewed in ref. 
133). When, FL has only minor or short term effects, the antitumor response can be sig- 
nificantly amplified by adding other cytokines, known to act at the T-cell level, such as 
IL-12 or CD40 ligand (CD40L) or 4-lBBL, a TNF family member. 

Many new cancer immunotherapies in humans are based on the administration of DC 
pulsed with TAAs. Several differences between the DCs elicited by CM-CSF and FL may 
account for their distinct vaccination abilities. CM-CSF-generated DCs are exclusively 
CD8"''CDllb''‘ and they possess a superior ability to phagocytose particulate material, 
thereby enabling enhanced priming. GM-CSF stimulated higher levels of the costimulatory 
molecule CD80 on DCs, indicative of greater maturation of the APC. Lastly, GM-CSF, but 
not FL, stimulates CD Id-restricted invariant NKT cells and these cells are thought to be 
important in the potency of the vaccine. The broad cytokine production elicited by vaccina- 
tion with GM-CSF-secreting tumor cells is in concert with a requirement for CD4"'‘ T-cells 
in priming ( 129,134). There are many possibilities for appropriately delivering GM-CSF as 
a vaccine including the use of fusion-protein vaccines, gene transfection into tumor cells or 
DCs, and DNA immunization. Treatment with GM-CSF has been shown to promote pro- 
tective and therapeutic immunity in a variety of mouse tumor models (reviewed in ref 7). 

4.2. Therapeutic Activity of GM-CSF 

The promising results of preclinical studies have prompted the testing of GM-CSF 
gene-transduced tumor vaccines in phase I and phase II clinical trials for cancer 
immunotherapy. A phase I trial investigating the biologic activity of vaccination with irra- 
diated autologous melanoma cells engineered to secrete GM-CSF have been conducted in 
patients with stage IV metastatic melanoma (135). No significant toxicities attributable to 
the treatment, but sites of immunization were intensely infiltrated with mature DCs, 
macrophages, and eosinophils in all evaluable patients (136). Initial evaluation of GM- 
CSF based tumor vaccines has demonstrated the consistent induction of immunity in 
patients without significant toxicity. Similar favorable findings have been reported in non- 
small -cell cancer and pancreatic cancer (137,138). Active clinical programs are under 
way for patients with malignant melanoma, multiple myeloma, leukemia, and carcinomas 
of the lung, ovary, prostate, pancreas, and kidney (reviewed in ref. 7 and in Chapter 23). 

5. y-CHAIN CYTOKINES IN TUMOR IMMUNITY 
5.1. Experimental Activity 

Cytokines that use receptors of the common cytokine receptor y-chain family (CD 132) 
cytokines are implicated in the process of memory-cell generation and maintenance. Of 
the yc cytokines, the antitumor activity of IL-2 is best characterized and has been 
reviewed extensively (139,140). The ability of IL-2 to stimulate T-cells led to interest in 
its use to stimulate the immune response against cancer. Subsequently, systemically 
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administered IL-2 was demonstrated to impact on established lung metastases of sar- 
coma in mice (141). High dose IL-2 was also demonstrated to inhibit disseminated 
murine leukemia (142). Selective depletion of lymphocyte subsets identifred tbe mech- 
anism responsible for tumor responses involved contributions from CD4''' and CDS"'' 
T-cehs as well as asialo-GMl''' lympbokine-activated killer (LAK) cells (143). IL-2 was 
also used in combination with adoptively transferred lymphocytes and shown to inhibit 
the growth of lung and liver metastases in mice (144,145). 

IL-21 is structurally related to the lymphoid cytokines IL-2, IL-4, and IL-15 and has 
been demonstrated to be expressed by activated CD4''‘ T-lymphocytes (146). The IL-21R 
is expressed in lymphoid tissues, shows homology to the [3-chain of IL-2/IL-15Rs, and 
forms a complex with the common y-chain. IL-21 has pleiotropic roles in the lymphoid 
lineages, including the promotion of CDS"'' T-cell function (147). Within the NK cell lin- 
eage, IL-21 enhances maturation from human multipotent bone marrow progenitors and 
activates peripheral NK cells in the absence of other stimuli ( 148 ). Once mouse NK cells 
are stimulated, IL-21 has been demonstrated to increase cytotoxicity and cytokine produc- 
tion over that observed for IL-15 alone (149). In vivo treatment with IL-21 results in a very 
similar activation and phenotypic maturation of NK cells as well as a potent increase in 
NK cell-mediated antitumor immunity that is perforin-dependent (149). IL-21 stimulation 
of NK cell and T-cell immunosurveillance of tumors has been supported by several groups 
(150,151) and this early data and new data with promotion of CD8-I- T-cell responses ( 152 ) 
suggests that IL-21 may have great promise as an adjuvant immunotherapy in humans. 

5.2. Therapeutic Activity of IL-2 

Promising results in mouse tumor models led to the use of IL-2 in clinical trials. 
IL-2 alone, or in combination with LAK cells or tumor-infiltrating lymphocytes (TIL), has 
been used to treat metastatic melanoma and renal cell carcinoma (reviewed in ref. 153). 
Overall response rates in 15-20% of patients were observed in these trials, with 4—6% of 
patients achieving complete responses that were often durable (154), however there was 
some accompanying toxicity (155). Clinical studies with high- and intermediate-dose IL-2 
have been comprehensively reviewed elsewhere (153,156). High- and intermediate-dose 
regimens seek to activate immune cells against tumors. The precise mechanism of high 
dose IL-2 activity is not known, but presumed to be augmentation of inadequate T-cell 
responses against the tumor cells (153). However, other possibilities may be activation of 
other immune cells such as macrophages and NK cells. The future of higher doses of 
IL-2 appears most promising when used in multiple courses of limited duration in com- 
bination with NK cell expanding and tumor-specifrc agents. IL-2 has also been used in 
combination with vaccines to enhance T-cell activation and antitumor effects in the treat- 
ment of melanoma. Response rates of up to 42% have been observed in melanoma 
patients receiving a modified gplOO peptide in incomplete Freunds adjuvant and 720,000 
lU/kg of IL-2 intravenously to tolerance (157). The inclusion of IL-2 in chemotherapeu- 
tic regimens has also been investigated using any of several agents including cisplatin, 
dacarbazine, and tamoxifen (158). No increased survival or reductions in treatment- 
related toxicities were observed in these studies. The best response rates in melanoma to 
date using IL-2 have been achieved in combination with adoptive T-cell transfer follow- 
ing nonmyeloablative preconditioning (159). Objective responses of approx 50% have 
been observed in patients undergoing this form of treatment. Low dose IL-2 has also been 
used to promote type 1 cytokine profiles in patients with AIDS and AIDS-associated 
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malignancies ( 160 ), although positive effects on these malignancies are yet to he reported. 
Epstein-Barr virus-associated lymphoproliferative disease (EBV-LPD) is a potentially life 
threatening complication in immune-deficient patients and effects among 2-20% of solid 
organ transplants performed annually in the United States. An extensive series of studies 
in human PBL-scid mouse models illustrated the ability of both IE-2 and GM-CSE to 
induce specific cellular immunity against EBV-EPD ( 161 , 162 ). Human NK cells, CDS"'' 
T-cells, and monocytes were all required for the effective combination therapy. New 
cytokines such as IE-21 will also be interesting to test in these same settings. 

6. CONCLUSIONS 

The role of many cytokines in promoting tumor immunity is becoming clearer, but a 
significant gap in our knowledge of what the immune system contributes to each phase of 
tumor development seriously impedes our progress in finding more effective immunother- 
apies for cancer. More studies that actively examine the role of host cytokines in the best 
available animal models of cancer are warranted to determine when and how exactly these 
cytokines function in tumor/stroma/immune cell networks. The role of lEN and the death- 
receptor-mediated pathways they stimulate appears to be in driving both innate and adap- 
tive arms of the immune response to suppress tumor initiation, growth, and metastasis. We 
now must embark on some detailed analysis of why these immune mediators often fail to 
prevent cancer as well as rationally designing trials that employ the antitumor potential of 
these pathways. 
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1. CYTOKINES AND THE MOEECULAR DIAEOGUE 
BETWEEN STROMA AND TUMOR 

In addition to their well-documented roles in leukemia and lymphoma, cytokines and 
chemokines can directly affect the progression of solid tumors, including carcinomas 
( 1 - 3 ). Carcinomas are the most frequent human tumors that arise from the epithelial 
cells that line the inner surfaces of organs. The conversion of normal epithelial cell to 
metastatic tumor cell is accepted as a multi-stage process that requires progressive 
genetic alterations within the epithelial tumor cell and has been the focus of intense 
investigation over the past three decades ( 4 , 5 ). At the same time, the many other cell 
types in the tumor microenvironment are increasingly appreciated as components of a 
complex biologic network akin to an organ system that are critical for tumor progres- 
sion, and thus may provide new targets for cancer therapy ( 3 - 5 ). 

Although it has been appreciated that a molecular dialogue between tumor cells and 
other cells in the microenvironment is necessary for tumor development, the tumor cells 
were thought to primarily initiate and orchestrate the conversations with other cell types 
( 6 , 7 ). Thus, the microenvironment could be considered a reactive participant in tumor 
progression, responding to signals initiated by an altered genetic program in the epithe- 
lial cell. This view is at odds with what has been learned from studying epithelial cells 
during embryonic development, where it is clear that mesenchymal cells, for example, 
fibroblasts and adipocytes, and immune cells, including macrophages and eosinophils, 
play an active and instructive role in programming epithelial cell structure and function 
( 8 - 10 ). The bi-directional molecular dialogue between stromal cells and epithelial cell 
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types is critical for normal organ development and function ( 8 - 10 ), and it is highly 
prohahle that such interactions are equally important during tumor progression. 

A growing body of evidence demonstrates that cytokines and chemokines are key 
components in the molecular dialogue between tumor cells and other cells types that 
shape the tumor microenvironment and promote tumor progression and metastasis 
( 3 , 11 ). Understanding the role of cytokines and chemo ki nes within the tumor microen- 
vironment is an emerging area of research that clearly has important clinical implica- 
tions, both for diagnosis and treatment of human carcinoma. Tumor microenvironment 
cells, and cytokines that modulate their function, may provide an “Achilles heel” to 
attack cancer cell growth and metastasis, especially in combination with therapies aimed 
directly at the epithelial tumor cell. Additionally, as documented in other chapters in this 
book, the use of cytokine immunotherapy for solid tumors is an active area of investiga- 
tion. Immunotherapy of carcinoma will need to take into account the interactions among 
microenvironment cells, in particular tumor associated macrophages (TAMs), and tumor 
cells in order to be successful. 

In this chapter, recent evidence demonstrating that cytokines and chemokines can 
affect discrete stages of carcinoma progression and metastasis by affecting cells in the 
tumor microenvironment will be highlighted. The focus will be on two types of 
microenvironment cells, TAMs and stromal fibroblasts, for which the evidence is most 
compelling. Another obvious stromal cell type to add to this list is the endothelial cell, 
but the role of cytokines, particularly TNF-a, on the function of endothelial cells in the 
tumor stroma are discussed at length in Chapter 5. 

2. TUMOR-ASSOCIATED MACROPHAGES 
AND CARCINOMA PROGRESSION 

In wound healing and pathogenic inflammatory responses production of cytokines and 
chemokines signal both recruitment and subsequent activation of immune cells, includ- 
ing macrophages, to the sites of tissue damage ( 3 , 11 ). Macrophages play a critical role 
in wound healing and inflammatory responses by stimulating cellular immune responses 
and destroying pathogens, whereas also promoting angiogenesis and tissue repair ( 3 , 11 ). 
Sites of tumorigenesis can be viewed as a wound or inflammatory site, and many of the 
same cytokines and chemokines involved in wound healing and pathogen induced 
inflammation are produced at tumor sites, often directly by the tumor cells ( 1 - 3 ), but also 
by other cell types present in the tumor microenvironment. 

For example, gene expression profiling of several different cell types isolated from 
primary human breast cancer samples revealed that tumor myoepithelial cells and myofi- 
broblasts differentially express two chemokines, CCL12 (MCP-5) and CCL14 relative to 
control cells ( 12 ). These tumor-induced cytokines can act in an autocrine fashion to stim- 
ulate epithelial tumor cell growth ( 12 ). However, they can also lead to the recruitment 
and activation of TAMs, which are major constituents of the carcinoma microenviron- 
ment and have been postulated to affect clinical outcome ( 3 , 11 , 13 ). Somewhat paradox- 
ically, in three different clinical studies of breast cancer, high numbers of TAMs in tumor 
sections was correlated with poor clinical outcome ( 14 - 16 ). In general, high numbers of 
TAMs within tumors is associated with poor clinical outcome in several different types 
of carcinoma ( 13 ). 
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Understanding why TAMs actually promote, instead of inhibit, tumorigenesis has 
clinical applications. The following sections present experimental data that have begun 
to dissect the roles of cytokines and TAMs in carcinoma progression. 

2.1. Colony Stimulating Factor- 1 (CSF-1), TAMs, 
and Tumor Metastasis in Breast Cancer 

CSF-1 (also known as macrophage colony stimulating factor, M-CSF) is a cytokine 
that regulates growth, differentiation and survival of monocytes and macrophages (17). 
CSF-1 is also a chemotactic factor for monocytes and macrophages (17). Expression of 
CSF-1 has been detected in more than 70% of human breast cancers and is correlated 
with poor clinical prognosis (18). Although there is some evidence that CSF-1 can act 
in an autocrine/paracrine fashion to directly affect the growth of breast tumor cells (19), 
a more critical role likely involves the recruitment and differentiation of the monocytes 
that become TAMs. 

Work from Jeffrey Pollard’s group has demonstrated a critical action of CSF-1 and 
TAMs in breast tumor metastasis (20). This work used the osteopetrotic (op) mutant 
mouse model that was caused by a spontaneous mutation in the CSF-1 gene. As a con- 
sequence of this mutation, homozygous op/op mice lack CSF-1 and contain only low levels 
of most types of tissue macrophages (21 ). When the op mutation was combined with the 
MMTV-Polyoma virus middle T (PyMT) transgene, a transgene that induces breast 
tumors and lung metastasis in 100% of affected mice, TAMS were decreased but tumor 
onset and tumor growth were not affected. Strikingly, lung metastasis of mammary tumor 
cells was decreased by 70% in the PyMT;op/op mice. Lung metastasis could be restored, 
in fact increased, by adding a CSF-1 transgene to the mammary epithelial cells (20). 

How do TAMs exert this striking affect on breast cancer metastasis in this model? 
First, CSF-1 is known to regulate expression of extracellular proteases like uPA and 
MMP9 in macrophages (11,20), and these types of enzymes can contribute to remodel- 
ing of the extracellular matrix and to tumor cell invasiveness. Second, activated TAMs 
can produce pro-angiogenic factors, including TNF-a and vascular endothelial growth 
factor, and by this mechanism promote tumor angiogenesis (11,13). Macrophages are 
especially believed to be a major source of pro- angiogenic factors within the hypoxic 
environment of carcinoma (13). 

Recent experimental evidence provides a third more provocative role for 
macrophages in tumor metastasis (22). These studies used an elegant in vivo approach, 
combining a chemotaxis-based in vivo invasion assay and multiphoton-based intravital 
imaging, to show that the interaction between macrophages and tumor cells facilitates 
the migration of carcinoma cells within the primary tumor. Macrophages produce epi- 
dermal growth factors that are chemoattr active for tumor cells, and tumor cells produce 
CSF-1, setting up a paracrine loop that is required for tumor cell migration. 

Therefore, macrophages appear to affect the tumor microenvironment to promote 
basement membrane remodeling, angiogenesis and tumor cell migration. 

2.2. The Pro-inflammatory NF-kB pathway, TAMs 
and Colon Tumor Initiation and Progression 

As argued above, many cytokines and chemokines are activated within the tumor 
microenvironment and these can play multiple roles in both tumor cells and other cell 




236 



Part III / Cytokines and Tumor Stroma/Metastasis 



types within the microenvironment. A pathway that many of these cytokines converge 
on within all target cells is the NF-kB pathway ( 23 ). NF-kB is a transcription factor 
composed of two nonidentical suhunits that regulates downstream target genes required 
for inflammatory responses ( 23 ). In resting cells, NF-kB is retained in the cytoplasm 
through association with specific inhibitors, the IkB proteins ( 23 ). Activation of cells hy 
pro-inflammatory signals activates the IKK kinase complex that subsequently phospho- 
rylates and inactivates IkB proteins, thus leading to the nuclear translocation of NF-kB. 
Defining the action of NF-kB signaling in different cell types within the tumor microen- 
vironment can provide a general view of the mechanisms by which cytokines regulate 
tumor progression. 

Genetic analyses of the NF-kB pathway by Michael Karin’s group provide experi- 
mental evidence for the importance of NF-kB signaling in a mouse model for colitis- 
associated cancer ( 24 ). In humans, colitis-associated cancer arises in patients with 
inflammatory bowel disease and comprises about 5% of all colorectal cancers ( 25 ). 
Anti-inflammatory therapy with nonsteroidal anti-inflammatory drugs reduces the risk 
of colitis-associated cancer by about 80% ( 26 ). In addition, activated NF-kB was 
detected in macrophages and epithelial cells from biopsy specimens or in cultured cells 
of patients ( 27 ). These data suggest that inflammation dependent on the NF-kB path- 
way may contribute to either initiation or progression of colitis-associated cancer. 

To specifically test the role of the NF-kB pathway within these two cell types, mouse 
loxP/Cre genetic technology was used to conditionally delete IKK(3 kinase within either 
the tumor epithelial cells or the TAMs in the murine colitis associated cancer model ( 24 ). 
Deletion of this kinase would render cells unresponsive to inflammatory stimuli. The 
result of these experiments demonstrated that removing the NF-kB pathway in either 
epithelial cells or TAMs significantly decreased tumor initiation and progression, but by 
different mechanisms. Removing the NF-kB pathway within the tumor cells resulted in 
a small, but significant, reduction in tumor number and size and correlated with increased 
apoptosis of tumor epithelial cells. In contrast, removing NF-kB in macrophages resulted 
in a larger decrease in tumor number and size by a mechanism that involved decreased 
tumor cell proliferation. The decrease in tumor cell proliferation correlated with down- 
regulated expression of pro-inflammatory cytokines and chemokines in TAMs, including 
TNF-a, IL-ip and MIP-2, leading to the possibility that such factors may directly 
increase proliferation of tumor cells ( 24 ). An alternative explanation might be that these 
cytokines indirectly affect tumor growth by stimulating expression of growth factors 
within other cell types present in the tumor microenvironment. A third possibility might 
be that activated TAMs produce reactive oxygen species (ROS) that act as a mutagen 
in epithelial cells, thus leading directly to the mutation of genes, oncogenes and tumor 
suppressors, that control cell growth within the tumor cells ( 11 , 13 ). 

2.3. Prospects for Anti-TAM Therapies 

The studies described above demonstrate a role for TAMs in both the initiation and 
early progression phases of carcinoma as well as in the later stages that involve tumor 
angiogenesis and metastasis. Combined with available clinical data indicating a general 
relationship between TAMs and poor clinical prognosis ( 11 , 13 ), TAMs would appear to 
provide an attractive clinical target for treatment of carcinoma. 

However, an important question that needs to answered before considering specific 
anti-TAM therapies is why TAMs promote tumor growth and metastasis, instead of 
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eliminating tumors. One explanation for the persistent inflammatory response seen in 
cancer is that tumor cells disrupt the fine balance of cytokines that are necessary for cor- 
rect regulation of the inflammatory response (3). In this view, normal inflammation is hy 
definition self-limiting. At a molecular level, the action of pro-inflammatory cytokines is 
ultimately balanced by the action of anti-inflammatory cytokines. Inflammation thus has 
clear beginning, middle and end phases, and specific cytokine signatures mark each of 
these chapters. In cancer, the pro-inflammatory phase persists because this balance is dis- 
rupted. In this view, targeting common aspects of inflammation, for example by using 
available anti-inflammatory agents like nonsteroidal anti-inflammatory drugs and anti- 
COX2 inhibitors, might provide a strategy to inhibit the influence of TAMs in most types 
of carcinoma (3). Another strategy would be to target the molecules known to be gener- 
ally important for the action of macrophages in inflammation, for example, TNF-a or 
proteases like MMP9 (3). 

A second possibility that might explain this persistent response during tumorigenesis 
is that this response reflects a developmental program that is distinct from wound heal- 
ing and pathogen-induced inflammation (11). For example, experiments in the op/op 
mouse model demonstrate a critical action of macrophages in mammary gland develop- 
ment, but not a general role in all organ systems (10). Specifically, during mammary 
gland development macrophages appear to be necessary for epithelial cell proliferation 
and invasion into adjacent stroma that lead to formation of terminal end buds as well as 
the subsequent branching of the ducts that results from end bud formation (10). This 
normal developmental process shares more than passing similarities to the interaction 
of TAMs and mammary tumor epithelial cells. In this view, breast tissue macrophages, 
either during normal development or tumorigenesis, may be “educated” by their local 
environment and programmed to carry out a certain set of tasks. This also implies that 
during normal development there must be mechanisms to eliminate these macrophages 
after they have completed their task, a process that is not active in neoplasia. 

Understanding the molecular differences among tissue macrophages isolated from 
different sites might be critical in understanding the behavior of these cells, both during 
normal development and during tumor progression. For example, directly targeting 
CSF-1 or signaling pathways activated by this cytokine that lead to activation of key tar- 
get genes may be an effective strategy for breast cancer, but not for colon cancer (28). 
In this regard, one specific target might be the paracrine loop between mammary tumor 
cells and TAMs that appears to be critical for tumor cell invasiveness and metastasis 
(22). This may be a tractable target because it involves interactions of soluble ligands 
and cell surface receptors. 

3. TUMOR STROMAL FIBROBLAST 
AND CARCINOMA INITIATION AND PROGRESSION 

Mesenchymal cells, in particular stromal fibroblasts, are another cell type within the 
tumor microenvironment that can affect tumor cell progression. As argued above, there 
is clear evidence from studies of organ development that fibroblast-epithelial interac- 
tions are critical for normal development (8,9). Experiments from Gerald Cuhna’s lab 
were seminal in establishing an active role for tumor fibroblasts in the progression of 
prostate tumors (29). These experiments used an organ culture system in which prostate 
mesenchymal and epithelial interactions could be studied in vivo. Results from this 
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approach clearly demonstrated that tumor stromal fihrohlasts, hut not normal prostatic 
fihrohlasts, could increase tumorigenicity of immortal prostatic epithelial cells geneti- 
cally “primed” for tumorigenesis hy oncogene expression ( 29 ). These experiments indi- 
cated that the tumor stromal fihrohlast was stahly altered when compared to the normal 
fihrohlast, and that the change(s) was necessary for epithelial cell tumorigenicity. In this 
section, evidence supporting the role of TGF-(3l signaling pathways in tumor stromal 
fihrohlasts is presented. 

3.1. Genetic Evidence for TGF-^ Receptor 1 Action 
From Stromal Fibroblasts in Tumor Initiation 

TGF-[3 and components in the major signaling pathway through which this cytokine 
exerts its’ effects are recognized tumor suppressors in many different types of human 
carcinoma, including in prostate and gastric cancer ( 30 ). Evidence to date indicates 
that, as would he expected for a tumor suppressor, mutations in these genes occur in 
epithelial cells ( 30 ). 

In contrast to this accepted view, work from Hal Moses and collahorators, performed 
in mouse genetic models, demonstrated that disruption of TGF-(3 signaling in stromal 
fihrohlasts could he an initiating event for prostate and gastric carcinoma ( 31 ; and 
Chapter 5). In these experiments, “floxed” alleles for the TGF-(3 receptor type II 
(TGFRII) were combined with a Cre transgene specific for stromal fihrohlasts in sev- 
eral different organs, including prostate and stomach. This was accomplished hy using 
the promoter for Fihrohlast Specific Protein-1 (Fsp-1). The gene for Fsp-1 was origi- 
nally cloned in a differential screen to identify fihrohlast specific genes and its’ pro- 
moter has been extensively characterized in transgenic experiments ( 32 ). The 
conditional deletion of TGF-[3 signaling in fibroblasts resulted in preneoplastic lesions 
in the epithelium of prostate and invasive squamous cell carcinoma of the forestomach, 
both associated with an increased number of stromal cells. That deletion of TGFRII was 
specific to the stromal fibroblasts was confirmed by in situ measurement of TGFRII 
expression, as well as by examining the status of the gene in fibroblasts or epithelium 
in the affected tissues obtained from laser capture microdissection. 

Studying biomarkers of cancer progression in affected epithelial cells in this model 
revealed that c-myc expression was upregulated and that the cdk inhibitors p21 and p27 
were downregulated in forestomach in FSP-Cre/TGFRII floxed mice relative to con- 
trols. Further, the tyrosine kinase receptor c-met was hyper-phosphorylated in the same 
epithelial cells, and the ligand for this receptor, Hepatocyte Growth Factor/Scatter 
Factor (HGF) was upregulated in the stromal fibroblast compartment. The activation of 
this paracrine loop between stromal fibroblasts and epithelial cells provides a possible 
mechanism to explain these results. 

These results provide additional evidence for an active role of stromal fibroblasts in car- 
cinoma initiation and progression, and identify TGF-[3 as part of the molecular dialogue 
among these different cell types. An interesting question that remains is why deletion of 
the TGFRII in stromal fibroblasts in other organs, for example kidney, lung or mammary 
gland, did not result in fibroblast proliferation or neoplastic progression. It will also be 
interesting to see results of experiments in which the stromal TGFRII conditional knock- 
out is combined with initiating events, for example expression of onco-transgenes, within 
the epithelial cells. Intriguingly, these studies also provide experimental support for the 




Chapter 13 / Cytokine Regulation of Stromal Cell Interactions 



239 



idea that genetic alterations in cell types other than epithelial cells could he the initiating 
event for neoplastic progression, a topic that will he considered in more detail in Section 
4 helow. 

3.3. TGF-fi Action From Stromal Fibroblasts in Tumor Progression 

In addition to its’ action as tumor suppressor, TGF-(3 can also act as a dominant gene 
to promote tumor cell growth and metastasis (30). A likely explanation for this anom- 
alous behavior is that TGF-(3 signaling plays different roles during different stages of 
cancer progression, as a tumor suppressor during initiation and preneoplastic phases, 
hut as a promoter of tumor growth during later stages (30; and Chapter 6). In this latter 
context, TGF-[3 expression in stromal fihrohlasts may he important for tumor progres- 
sion, as demonstrated hy recent work from Robert Weinberg’s group. 

This work used a novel xenotransplant model that produces “humanized” mouse mam- 
mary glands that contain both human stromal fibroblasts and mammary epithelial cells (33). 
In this model, human mammary epithelial cells (obtained from normal individuals follow- 
ing elective reduction mammoplasty) were placed into mammary glands of immune com- 
promised NOD/SCID mice, from which endogenous epithelial cells have been removed. 
Human mammary cells alone did not undergo normal differentiation. However, if normal 
human mammary fibroblasts were first engrafted into these cleared mouse mammary 
glands, the subsequent introduction of human mammary epithelial cells led to development 
of human breast ducts within the chimeric fat pad. These human epithelial structures were 
capable of responding to hormonal cues with milk production. In the second part of the 
experiments, mammary stromal fibroblasts were first modified to express either TGF-(3 or 
HGF The altered stroma led to the growth of stmctures resembling benign neoplasia, and 
in the case of a sample from one patient, a malignant lesion. These experiments demonstrate 
that stromal alterations can directly promote tumor progression and provide a model to 
directly study the interactions of human stromal fibroblasts and epithelial cells. 

In another type of xenotransplant model developed by David Rowley’s lab, similar 
results were obtained for prostate cancer cells (34). In this model, the prostate cancer 
cell line LNAcNP does not grow when injected subcutaneously into immune compro- 
mised mice, but grows efficiently when injected along with a stromal fibroblast cell line 
(35). In addition to promoting tumor growth, the stromal fibroblasts increased angio- 
genesis at the site of tumor injection. Inclusion of TGF-(3 blocking agents, either a neu- 
tralizing antibody or TGF-(3 latency-associated peptide, resulted in markedly reduced 
tumor growth and angiogenesis (34). 

Taken together, these results support an active role for TGF-[3 produced by stromal 
fibroblasts in tumor progression, and suggest increased angiogenesis may be a result of 
production of this cytokine by fibroblasts. 

4. FUTURE DIRECTIONS FOR TUMOR-STROMAE CEEE RESEARCH 

For the past two decades the focus has been on the epithelial tumor cell, and defining 
the genetic and molecular mechanisms that contribute to tumor cell initiation, progression 
and metastasis. However, it is becoming more widely accepted that understanding the con- 
tribution of other cell types in the tumor microenvironment to all stages of tumorigenesis 
will be critical to taking the next steps to improved cancer diagnosis and treatment. 
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Although the hi-directional conversations between tumor stromal cells and epithelial 
tumor cells, and the essential role of cytokines in this discourse, have been clearly estab- 
lished, our understanding of the molecular mechanisms underlying this communication 
remain rudimentary. Some of the same approaches that have been successful in studying 
tumor cells will undoubtedly be useful for increasing our understanding of tumor stromal 
cell biology, but the potential complexity of tumor-stromal interactions indicate that new 
strategies and techniques will have to be developed to study the interactions of multiple cell 
types in the tumor microenvironment. The next sections discuss three areas of development 
that will be essential for increasing our understanding of tumor stromal cell interactions. 

4.1. Isolation and Characterization of Distinct 
Cell Types From the Tumor Stroma 

An increased focus on isolation and characterization of distinct cell types from within 
both tumors and normal organs is one crucial area for development in this field. 
Isolation of as many cell types as possible should be emphasized, as there are relatively 
few cell types, mainly fibroblasts and endothelial cells, that have been studied in any 
detail thus far. 

Mouse models will be especially useful in this regard, because transgenic expression 
of GFP in different cell types allows the rapid purification of highly enriched cell pop- 
ulations using existing high speed fluorescent cell sorting (FACS) technology ( 36 , 37 ). 
However, enrichment of human cell populations must also be a priority ( 12 ). This will 
require a more systemic effort to identify a large number of cell surface markers, as has 
already been accomplished for hematopoietic cells. As in the hematopoietic system, a 
greater range of cell surface markers will allow more precise distinction of the various 
cell types in the microenvironment. Technical advancements in cell sorting techniques 
are also likely to be required for studies with human cells, as the amount of material 
available for fractionation will in most cases be very small. Continued improvement in 
FACS and automation of other techniques, for example magnetic bead technologies, 
would facilitate purification of human cell types. 

Once sufficient quantities of highly enriched cell populations are available systematic 
molecular phenotyping should be a priority. Both high throughput microarray and pro- 
teomic approaches will provide molecular signatures that will allow basic questions to be 
addressed. For example, are breast cancer TAMs more related to TAMs isolated from 
other tumor sites, or are they more related to resident mammary gland macrophages? 
What genes do breast stromal fibroblasts and colon stromal fibroblasts both express, and 
what genes are expressed uniquely only in breast stromal fibroblasts? This type of molec- 
ular cataloging will lead to specific hypotheses that can then be addressed experimentally. 

Isolated cell types can also be used for cell biologic assays, and can also be used to 
set up xenotransplantation or in vitro assays designed to study interactions of different 
cell types in controlled settings. 

4.2. Model Systems for Studying Tumor Stromal Interactions 

Development of improved mouse models to study the genetic interactions between 
tumor and stromal cells is a second area that will require increased attention. In initial 
phases, this will involve development of specific regulatory regions to precisely deliver 
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Cre not just to tumor epithelial cells, but also to other cell types in the microenviron- 
ment. For example, the FSP-Cre system discussed above ("37 j is a first step in this direc- 
tion, but a system that targets specifically only prostate stromal fibroblasts would be a 
much more useful tool. Improvements in this area will depend on progress in isolating 
and characterizing stromal cells from different organs, as discussed above, to identify 
stromal genes that are expressed in an organ or tissue specific fashion, or even a tumor 
specific fashion. For example, the regulatory sequences of a gene that was activated in 
TAMs from multiple tumor sites could be very useful in mouse models for both breast 
and colon cancer. 

The next stage of model development would provide the ability to remove two dif- 
ferent genes in two different cell types. This could be accomplished for example, by 
expression of both Cre recombinase and Frt recombinase ( 38 ) under the control of reg- 
ulatory sequences specific for different cell compartments within the same mouse. 
Models that more accurately mimic human tumor-microenvironment genetic interac- 
tions would be possible with such model systems. 

Improved transplantation models, including “humanized” xenotransplantation mod- 
els ( 33 ), will provide a complementary approach to the mouse genetic models. Moreover, 
continued efforts to develop in vitro models that more accurately reflect in vivo archi- 
tecture will provide avenues for studying both genetic and cellular interactions, for 
example improved 3-D culture systems for studying mammary gland development and 
tumorigenesis ( 39 ). Improvement and innovation will be finked to the ability to obtain 
pure populations of stromal cells. 

4.3. Human Genetic Studies to Identify Genes 
That Act From Stromal Cell Compartments 

One important unanswered question is what are the genes that act from the tumor 
stroma during the progression of human carcinoma? An assumption is that these will be 
the same genes that are altered within the tumor cells themselves, but this could well be 
faulty reasoning. Isolation and characterization of human tumor stromal cells as 
described above might give clues as to genes that should be studied, however the infor- 
mation would provide only indirect evidence. 

Human genetic studies would provide one approach to directly identify genes that act 
from tumor stromal cells. For example, studies from Charis Eng’s lab have demonstrated 
that mutations and LOH can be detected in p53 and PTEN tumor suppressors in human 
mammary tumor stromal fibroblasts isolated by laser capture microdissection ( 40 ). 
Genome wide surveys to detect and compare EOH in human mammary tumor epithe- 
lial cells and stromal fibroblasts have revealed distinct patterns and frequencies of EOH 
in the two cell compartments, as well as three EOH events that are more frequent in the 
stromal compartment ( 41 ). Extending this technique could reveal genes that are mutated 
preferentially in stromal cells, and that can subsequently be modeled in mouse systems. 

The hypothesis that genetic alterations in stromal cells can contribute directly to epithe- 
lial cell malignant transformation and progression remains controversial but has been inde- 
pendently confirmed in breast cancer ( 42 , 43 ), and has also been detected in bladder and 
colon cancer ( 43 ^ 5 ). Additionally, experimental results demonstrating that that deletion of 
the TGEIIR gene in stromal fibroblasts can lead to neoplastic disease in prostate and 
fore stomach in mice can be interpreted to provide experimental evidence for the role of 
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Stromal mutations in cancer progression ( 31 ). These results are potentially paradigm 
shifting. Although it is generally accepted that progressive genetic alterations within the 
tumor cell are responsible for tumor initiation and progression, the possibility that such 
mutations can occur in different cell types in the tumor microenvironment would call 
for a radical shift in current thinking about tumor progression and the role of stromal 
components in this process. Clearly, increased and intensive investigations in this area 
are warranted. 

In conclusion, whereas the importance of the stroma in tumor progression has been 
realized for several decades, we are only recently entering a stage where the exact mech- 
anisms that underlie tumor-stromal interactions can be examined. This area of research 
holds great promise for increasing our basic understanding of cancer, and perhaps even 
shifting existing models for the molecular basis of cancer. These findings also hold great 
promise for improving clinical diagnosis and treatment of carcinoma. 
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I. INTRODUCTION 
1.1. Historical Perspectives 

The term angiogenesis was first coined by John Hunter, a British surgeon, to describe 
blood vessel formation in reindeer antlers in 1787. The first histologic description of 
angiogenesis was presented by Arthur Tremain Hertig in 1935, detailing the formation of 
placental blood vessels. In 1939, based on observations of tumors transplanted to trans- 
parent chambers in in vivo animal models, A. G. Ide and colleagues proposed the exis- 
tence of a tumor-derived factor capable of stimulating blood vessel formation (l).ln 1945, 
G. H. Algire and his co-workers at the National Cancer Institute (NCI) recognized that the 
blood supply of tumors was derived from the host and was essential for tumor growth (2). 
The findings of Algire et al. offered the first evidence supporting the association between 
tumor vasculature and tumor growth. In 1948, 1. C. Michaelson postulated that a dilfusible 
angiogenic factor produced by the retina conferred the neovascularization phenotype 
observed during proliferative diabetic retinopathy and named this soluble factor as “Factor X” 
(3). Twenty years later, Greenblatt and Shubik (4) and Ehrmann and Knoth (5) demon- 
strated independently that tumor cells could stimulate vasoproliferation through transfil- 
ter diffusion experiments and confirmed the notion of a diffusible angiogenic factor 
elaborated by tumor cells. In 1971, Judah Folkman further refined the view on the rela- 
tionship between tumor and its vasculature by hypothesizing that the growth of cancer 
from a few cell layers thick into a gross tumor requires angiogenic stimuli which are medi- 
ated by substances produced by the tumor. He proposed that anti-angiogenic therapy, 
therefore, might be an effective approach to treating human cancers (6-8). This view on 
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tumor angiogenesis was provocative and contrary to the prevailing thoughts of the time. 
Despite not being accepted hy the scientific community, Dr. Folkman endeavored along 
this line of research and initiated the effort that lead to the isolation of the first angiogenic 
cytokine, basic fibroblast growth factor (bFGF) (9). Findings from his work have come to 
form the foundation in the molecular understanding of tumor angiogenesis and Dr. 
Folkman is often regarded as the “father of angiogenesis”. 

The first angiogenesis inhibitor was discovered in the cartilage by Henry Brem and 
Judah Folkman in 1975 (10). As presented above, the first angiogenic cytokine discov- 
ered was bFGF and was purified by Yuen Shing and Michael Klagsbrun at Harvard 
Medical School in 1984 (9). Vascular endothelial growth factor (VEGF), one of the 
most important angiogenic cytokines, was discovered independently by Napoleone 
Ferrara and Jean Plouet in 1989 (11,12). This newly discovered VEGF cytokine turned 
out to be identical to a previously characterized molecule called vascular permeability 
factor (VPF), which was discovered by Donald Senger and Harold Dvorak in 1983 (13). 
Because of these initial discoveries, over 30 natural angiogenesis inhibitors and over 20 
angiogenic growth factors have been characterized. 

1.2. Tumor Angiogenesis 

Angiogenesis is a fundamental process essential for the normal physiologic functions 
of reproduction, embryogenesis and wound healing. It is defined as the growth of new 
blood vessels from pre-existing vasculature and is a highly regulated process under 
ordinary conditions. However, many pathologic conditions such as arthritis, diabetic 
retinopathy, and cancer are associated with persistent and uncontrolled angiogenesis, 
suggesting increased levels of angiogenic and decreased levels of angiostatic factors 
mediating the progression of these pathologies (14). 

Angiogenesis is essential for tumor growth beyond 2-3 mm^ size, as it allows for an 
increased supply of nutrients and oxygen to the tumor, as well as, the outflow of waste 
products from the tumor. Tumors lacking adequate blood supply undergo apoptosis (15) 
or necrosis ( 16). Conversely, tumors that have undergone neovascularization enter a phase 
of rapid growth and acquire the potential to metastasize as the new vasculature provides a 
mean for tumor cells to gain access into the blood stream and to travel to distant sites, such 
as liver, lungs, or bones (17). As such, extensive neovascularization has been correlated to 
be a poor prognostic variable in several forms of human malignancies (18-31). 

The induction of angiogenesis is an important step in carcinogenesis (32). The angio- 
genic cascade can be divided into a prevascular phase — the so called “angiogenic 
switch” (14,33) and a vascular phase (34). The activation of this switch appears to be nec- 
essary for the rapid growth that is seen in tumors. Once activated, the normal balance 
between the proangiogenic and the antiangiogenic signals becomes disrupted. Cytokine 
stimulation of endothelial cells is integral to the activation of the “angiogenic switch.” 
The stimulated endothelial cells then migrate to the extracellular matrix where they pro- 
liferate and form vascular buds. In the second phase of angiogenesis, the vascular or for- 
mation phase, the vascular buds from the migrating endothelial cells give rise to 
capillaries, thereby extending the circulatory system into the tumor microenvironment. 

The structural features of the tumor vasculature are determined by the expression 
and interaction of angiogenic factors produced by the tumor. Stimulated by angio- 
genic cytokines, endothelial cells proliferate rapidly and produce large broad vessels 
that circulate blood at slow flow rates. The tumor vessel walls formed during tumor 
angiogenesis are unable to recruit pericytes and adventitial smooth muscle cells. 
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Table 1 

Major Angiogenic and Angiostatic Factors"’* 




Pro-angiogenic 


Anti-angiogenic 




factors 


factors 


Directly-acting factors 


VEGF Family 


Angiostatin 




FGF Family 


Matrix Protein Fragments 




aFGF 


Endostatin 




bFGF 


Tumsatin 




ELR(-t-) CXC Chemokines 


Canstatin 




IL-8 


Arresten 




GRO 


ELR(-) CXC Chemokines 




MCP-1 


PF-4 




TGF Family 


IP- 10 




TGF-a 

TGF-P 

PDGF-BB 


MIG 


Indirectly-acting factors 


TNF-a 


IFN Family 




Angiogenin 


IFN-a 




Angiopoietins 


IFN-P 




Angiopoietin- 1 


IFN-y 




Angiopoietin-2 


Thrombospondins 
TSP- 1 
TSP-2 



"The table lists some of the major angiogenic and angiostatic cytokines. These factors are grouped 
according to their angiogenic functions (stimulatory vs inhibitory) and their actions on endothelial cells 
(direct- vs indirect- acting). 

*VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; ELR, Glu-Leu-Arg motif; IL, 
interleukin; GRO, growth regulated oncogene; MCP-1, monocyte chemo-attractant protein- 1; TGE, trans- 
forming growth factor; PDGE, platelet derived growth factor; TNF-a, tumor necrosis factor-a; PF-4, 
platelet factor-4; IP-10, interferon-inducible protein-10; MIG, monokine-induced by interferon-y; IFN, 
interferon; TSP, thrombospondins. 



Additionally, the basement membrane is discontinuous and punctuated by large gaps 
among the endothelial cells (35). The combined result of the slow flow and the abnor- 
mal leaky vasculature is to promote metastasis by allowing tumor cell access into the 
circulatory system and assisting the distant dissemination of cancer. 

Tumor angiogenesis is regulated by a balance between positive and negative factors 
of neovascularization, as tumor cells mediate production of not only angiogenic factors 
but also angiostatic molecules that act specifically on endothelial cells. Stimulation of 
tumor angiogenesis has been demonstrated to increase tumor growth and metastasis 
(36^0), whereas angiogenesis inhibition has been shown to prevent tumor growth and 
in some instances, cause tumor regression in experimental tumor models (41^7). Most 
of the factors that mediate angiogenesis are cytokines, which are soluble proteins 
secreted by one cell and influence another cell or cells in an autocrine, paracrine or 
endocrine fashion. Numerous cytokines that mediate angiogenesis have been identified 
with the most relevant molecules belonging to the VEGF, FGF, and CXC chemokine 
families. Cytokines are classified as direct-acting or indirect-acting mediators of angio- 
genesis based on the effect exerted on endothelial cells; some of the more common 
cytokines relevant to the angiogenesis biology are shown in Table 1 . 
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2. VASCULAR ENDOTHELIAL GROWTH FACTOR 

VEGF is one of the most potent stimulators of angiogenesis and its identification was 
the result of independent and unrelated lines of research. This cytokine was first isolated 
from the ascites secreted hy hepatocellular carcinoma in guinea pigs and was named vas- 
cular permeability factor (VPF) as it increased the permeability of peritumoral vessels 
(13). Fater, a factor isolated from the pituitary-derived folliculostellate cells was found 
to have mitogenic properties for endothelial cells and was named vascular endothelial 
growth factor (VFGF) (11). The amino acid sequences of VPF and VEGF were subse- 
quently found to be identical and VEGF was adopted as the common name for this 
important angiogenic cytokine. 



2.1. VEGF Properties 

VEGF is a heparin-binding homodimeric glycoprotein with the monomers bound by 
two disulfide bonds and a molecular weight of 34-46 kDa ("iij. It is directly involved 
in tumor angiogenesis and activates this process through stimulation of endothelial cell 
proliferation, migration and differentiation. VEGF acts specifically on endothelial cells 
(48) and many of its properties appear to make it the primary molecule responsible for 
angiogenesis under many physiologic and pathologic conditions. VEGF has the capac- 
ity to induce nitric oxide production that lead to vasodilatation and increased blood 
flow, early processes that are necessary before the initiation of angiogenesis (49,50). It 
is a mitogen and a chemotactic factor for endothelial cells (48). It induces the produc- 
tion of proteases such as urokinase-type plasminogen activator (51) and interstitial col- 
lagenase by endothelial cells (52) and thus supports the remodeling of the perivascular 
matrix (51). VEGF increases the permeability of normal blood vessels to plasma pro- 
teins by acting on small capillaries and venules, without causing a significant inflam- 
matory response, endothelial cell injury, or mast cell degranulation (53). 

VEGF is also a survival factor for endothelial cells and can prevent apoptosis in these 
cells. Normally, cells under starvation conditions in vitro will undergo apoptosis. 
However, VEGF can reverse this phenotype by inducing the expression of anti-apoptotic 
proteins Bcl-2 (54), XIAP (55), and survivin (56) in endothelial cells. VEGF has been 
shown to maintain the viability of the endothelium by its ability to induce these same 
anti-apoptotic factors in proliferating endothelial cells (57,58). 

2.2. VEGF Family of Cytokines 

Human VEGF, sometimes referred to as VEGF- A, is encoded by a gene located on 
chromosome 6p21.3 and contains eight exons and seven introns (59-61). Since cloning 
of the VEGF gene in the early 1980s, eight isoforms of the VEGF protein have been char- 
acterized (Table 2) (60-63). These VEGF isomers differ in the number of amino acids 
and are the results of differential splicing. The most common isomers contain 121, 165, 
189, and 206 amino acids, and are named VEGFj 2 p VEGF^gj, VEGF^gg, and VEGFjQg, 
respectively. VEGFjg^ and VEGF 2 Qg are highly basic proteins that bind heparin with high 
affinity and are found predominantly bound to the endothelial cell surface and extracel- 
lular matrix (64). These sequestered isomers are released into solubility by heparinase, 
which cleaves heparin to release the cytokines, or by plasmin, which cleaves VEGFjg^ 
and VEGF 2 Qg to release the first 1 10 amino-terminus residues, VEGF^^q (65 ). VEGFj 2 i 
is an acidic protein that lacks the basic amino acids encoded by exons 6 and 7. The lack 
of basic residues allows VEGFj 2 j to exist as a freely soluble protein rather than 
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Table 2 

VEGF Family of Cytokines"’* 



VEGF Isoforms 



VEGF Homologues 



VEGF„o 

VEGF, 2,^ 
VEGF, 45 
vegf,52 
VEGF,55" 

vegf,55, 

VEGF,33 
VEGF,3," 
VEGF " 

PlGF-1 

PlGF-2 

VEGF-B 

VEGF-C 

VEGF-D 

VEGF-E 



“The table lists the various VEGF isoforms generated from 
differential splicing of VEGF transcripts, as well as, cytokines 
belonging to the VEGF family evidenced by gene and amino 
acid sequence homologies. 

*VEGF, vascular endothelial growth factor; PIGF, placental 
growth factor. 

“Common VEGF isomers. 



heparin-bound. VEGFjgj, the predominant form secreted by the majority of normal and 
tumor cells, lacks residues encoded by exon 6 and have properties intermediate to the 
acidic (VEGF, 2 j) and basic (VEGF,gg and VEGF 2 Qg) isomers. Therefore, a significant 
portion of VEGF, gg is also found bound to the endothelial cell surface and extracellular 
matrix ( 66 ). The loss of the heparin-binding domains has been shown to decrease the 
mitogenic activity of VEGF molecules and these findings suggest that the properties of 
VEGF,gg should confer the optimal bioavailability and biologic activity of all VEGF iso- 
mers ( 67 ). This notion is supported by the observations that VEGF”^“ homozygous tumor 
cells can only be fully rescued from its tumorigenic phenotype by VEGF,gg ( 68 ) and 
transgenic mice expressing exclusively VEGF, 2 , will all die within 2 wk after birth ( 69 ). 

Based on their primary structures and biologic functions, several genes homologous 
to VEGF have been identified and their protein products (placental growth factor- 1 
(PlGF-1), PlGF-2, VEGF-B, VEGF-C, VEGF-D, and VEGF-E) have been added to the 
VEGF family of cytokines ( 70 - 75 ). Although the mitogenic effects of these homo- 
logues are lower than potency of the VEGF isomers, these homologous proteins, never- 
theless, play important roles in the regulation of angiogenesis and their functions will 
be discussed in the next section along with the VEGF receptors. 

2.3. VEGF Receptors 

The biologic effects of the VEGF cytokine family are mediated through four cell sur- 
face receptors: Flt-l(VEGFR-l), Flk-l/KDR (VEGFR-2), Flt-4(VEGFR-3), and neu- 
ropilin-1 (NP-1). VEGFR-1, VEGFR-2, and VEGFR-3 are classical tyrosine kinase 
receptors ( 76 - 78 ), while NP-1 belongs to the collapsing/semaphorin proteins, a family 
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Proliferation, 
migration, and 
survival of 
vascular ECs 

Monocyte 

chemotaxis 



migration, and 
survival of 
vascular ECs 



Cell 

Membrane 



Proliferation, 
migration, and 
survival of 
lymphatic ECs 



Fig. 1. Function and binding specificity of VEGF receptors to their ligands. Structural similarity and 
ligands for the three VEGF receptors are depicted. VEGFRl binds ligands VEGF/VEGF-A, VEGF-B 
and PIGF. VEGFR2, the major proangiogenic receptor for VEGF binds VEGF/VEGF-A, VEGF-C, 
VEGF-D, and VEGF-E. VEGFR3, the major receptor regulating lymphatic endothelial cells, binds 
VEGE-C and VEGE-D. VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor; PIGF, 
placental growth factor; ECs, endothelial cells. 



of molecules that influence the growth and guidance of neuronal processes (79). 
VEGFR- 1 and VEGFR-2 are receptors for VEGF, while VEGFR-3, a related receptor 
tyrosine kinase, does not hind VEGF and is a receptor for VEGF-C and VEGF-D (80). 
Based on the interactions of the VEGF cytokines with the individual VEGF receptors, 
differential biologic responses on endothelial cells and angiogenesis are produced. 

VEGFR- 1 and VEGFR-2 are two highly related receptors found on the surface of acti- 
vated endothelial cells (80), as well as, certain hone marrow-derived mononuclear phago- 
cytes (81). These receptors have seven immunoglohulin (Ig)-like extracellular domains, 
a single transmemhrane region, and a consensus intracellular tyrosine kinase sequence 
(Fig. 1) (82-84). VEGFR-1 will hind VEGF, as well as, PIGF and VEGF-B (85-86), and 
this binding site has been mapped to the second Ig-like domain on VEGFR-1 (87-89). 
Alternative splicing generates a soluble VEGFR-1, which has been demonstrated to be 
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an inhibitor of VEGF activity (90). VEGFR-1 expression is up-regulated by low oxygen 
tension via the hypoxia-inducible factor- 1 (HIF-1) mechanism (91). VEGFR-1 plays a 
dual role in angiogenesis by acting as a positive and negative regulator under different 
conditions. Normally, VEGFR- 1 catalyzes a weak tyrosine kinase autophosphorylation 
in response to VEGF (92-93), and has been proposed to be a decoy receptor for VEGF 
by sequestering this cytokine from VEGFR-2, the major mediator of VEGF’s mitogenic 
activity (85). Under pathologic conditions of VEGFR-1 ligand overexpression, as in 
tumor angiogenesis, VEGFR- 1 acts as a positive regulator and stimulates proliferation of 
endothelial cells (94-95). A third ligand for VEGFR-1 is VEGF-B, and binding of this 
cytokine to VEGFR-1 promotes migration of endothelial cells (96). In hematopoietic 
cells, the binding of VEGFR-1 stimulates monocyte chemotaxis (97). 

Although Flk-l/VEGFR-2 binds VEGF with lower affinity than VEGFR-1, this 
receptor is the major mediator of the mitogenic, chemotactic and prosurvival signals of 
VEGF (98-100). Four ligands have been identified that bind VEGFR-2: VEGF, VEGF- 
C, VEGF-D, and VEGF-E (Fig. 1). Binding of VEGFR-2 with its ligands activates the 
Raf-Mek-Erk signaling pathway through protein kinase C and result in endothelial cell 
proliferation (101,102). 

Two additional receptors have also been described to mediate the functions of the 
VEGF family of cytokines. Flt-4/VEGFR-3 is found on the surface of various cells, par- 
ticularly on the endothelium of lymphatic capillaries (77). VEGFR-3 does not bind 
VEGF, but rather the ligands for VEGFR-3 are VEGF-C and VEGF-D. Activation of 
VEGFR-3 by its ligands stimulates lymphangiogenesis of the lymphatic capillaries 
(72,103). The neuropilin (NP-1) receptor is present on the surface of neuronal cells (79). 
It is an isoforms-specific receptor that binds VEGF^g^ but not VEGFj 2 i- Overexpression 
of NP-1 receptor results in enhanced binding of VEGF^gj to VEGFR-2, leading to 
increased proliferation and chemotaxis. 

2.4. Regulation of VEGF Expression 

VEGF expression is regulated by many factors including hypoxia, inflammatory 
cytokines, hormones and oncogenes. Hypoxia is one of the most potent inducer of 
VEGF expression by tumor cells and often occurs in tumors during their growth phase 
(104-106). Hypoxia stimulates the expression of HIF-1, a key mediator of cellular 
hypoxic responses (107). The upstream promoter of the VEGF gene contains a 28 base- 
pair enhancer element that binds HIF-1 (108,109). HIF-1 induction of VEGF gene 
expression is modulated by the von Hippel-Findau (VHF) tumor suppressor (110) and 
in VHF-deficient cell lines, HIF-1 is constitutively activated (111 ). VHF mediates many 
cellular functions, one of which is that it is part of the ubiquitin ligase complex that tar- 
gets proteins for proteosomal degradation. Under normal oxygen tensions, HIF-1 is 
hydroxylated by oxygen and this hydroxylated form is recognized by the VHF tumor 
suppressor and targeted for degradation (112,113). Under hypoxic conditions, HIF-1 is 
not inactivated and stimulates VEGF gene transcription. 

VEGF gene expression is stimulated by cytokines and growth factors which include 
interleukin- 1 (IF- 1) (114), interleukin-6 (IF-6) (115), tumor necrosis factor-a (TNF-a), 
transforming growth factor-a (TGF-a) and TGF-[3 (116), epidermal growth factor (EGF) 
(117), and platelet-derived growth factor (PDGF) (117,118). Hormones are also important 
mediators of VEGF gene expression, especially in tumor cells. Thyroid stimulating 
hormone (TSH) has been shown to induce VEGF expression in several thyroid carcinoma 
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Table 3 



FGF Super 


Family" 


FGF subfamily 


FGF molecule 


I 


FGF-1 




FGF-2 


II 


FGF-3 




FGF-5 


III 


FGF- 11 




FGF- 12 




FGF- 13 




FGF-14 


IV 


FGF-4 




FGF-6 


V 


FGF-9 




FGF- 16 




FGF-20 


VI 


FGF-7 




FGF-10 


VII 


FGF-8 




FGF-17 




FGF- 18 



FGF, fibroblast growth factor. 

“There are 22 FGF molecules with sequence 
homology ranging from 17% to 72% that belong to 
the FGF super gene family. Based on these sequence 
homologies, the FGF factors can be grouped to one 
of seven subfamilies. 



cell lines. Additionally, sex steroid such as androgens and estrogens have been implicated 
as stimuli in VEGF production hy prostate (119) and endometrial carcinomas (120), 
respectively. Lastly, modulation of VEGF gene transcriptional has been linked with spe- 
cific transforming events mediated by oncogenes. Mutations or amplifications of raf 
(121), ras (121), fos (122), and src (123) oncogenes haven been demonstrated to result in 
VEGF gene upregulation. 

3. FIBROBLAST GROWTH FACTORS 

FGF was among the first cytokines that was demonstrated to have a role in stimulation 
of angiogenesis. It was first isolated as two polypeptides from extracts of the bovine brain 
and pituitary body: acidic FGF (16 kDa) or FGF-land basic FGF (18 kDa) or FGF-2. 
These two polypeptides have 55% similarity in their amino acid sequence, but differ in 
their acidic and basic properties, in which FGF-1 has a pH of 5 and FGF-2 has a pH of 
9.6 (124). To date, 22 human FGF proteins ranging in molecular weight of 7 kDa to 38 
kDa have been characterized and constitute the FGF superfamily (125,126). Members of 
this superfamily are generated from gene duplication and differential splicing, and based 
on amino acid sequence homology (17-72%) are further grouped into seven subfamilies 
(Table 3) (727). Despite their respective heterogeneity, all FGF molecules contain a con- 
served 120 amino acid core region that contains six identical, interspersed amino acids 
(127-130). FGFs are extracellular cytokines that act through four tyrosine kinase FGF 
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receptors. These receptors exhibit varying specificities for all FGFs, which accounts for 
similar effects generated by different FGF molecules on common cell types (131,132). 

3.1. FGF Function and Mechanism of Action 

The functions of FGFs are not limited to the stimulation of cell growth. These 
cytokines have been demonstrated to be involved in the regulation of the proliferation, 
differentiation and migration of various cells of mesodermal and neuroetodermal ori- 
gins, including endothelial cells, fibroblasts and other cell types (133). 

The role of FGF-2 in angiogenesis was first shown in cultures of endothelial and 
smooth muscle cells. Its role in tumor angiogenesis was identified when it was isolated 
as the main angiogenic factor from chondrosarcoma (134). FGF-2 is a major mitogenic 
factor for endothelial cells. Additionally, FGF-2 increases endothelial cell migration by 
reversibly decreasing cell adhesion and increasing cell membrane mobility through 
reorganization of intracellular contractile apparatus (135-137). Lastly, FGF-2 has also 
been demonstrated to stimulate extracellular matrix proteolysis and, therefore, plays an 
important role in extracellular matrix remodeling (138). 

At least seven species of FGF-2 have been identified, and differences in function are 
in part owing to differential intracellular compartmentalization of these isomers. 
Endothelial cell proliferation is stimulated by high molecular weight (HMW) isoforms 
of FGF (22, 22.5, 24 and 34 kDa), which are found in the nucleus and increase cell pro- 
liferation through stimulation of ribosomal gene transcription (139). The HMW isomers 
are generated by four upstream alternate CUG (leucine) start codons that provide amino 
terminal extension to the 18 kDa FGF-2 core molecule (140,141). Imbedded within the 
extended amino termini are localization sequences that direct the nuclear trafficking of 
the HMW species (142). 



3.2. FGF Receptors 

The normal biologic effects of FGF molecules are mediated through four structurally 
similar FGF receptors 1-4 (FGFR 1-4), which are widely distributed on the surface 
of various cell types. Although the roles of these receptors in tumor angiogenesis is not 
yet clear, an association between angiogenesis and increased expression of FGFRl has 
been found. 

The binding of FGF with its receptor(s) is aided by the presence of heparin. Heparan 
sulfate binds several FGF molecules and stabilizes FGFs from denaturation and prote- 
olysis. Additionally, FGF diffusion and release into the interstitial space is limited by 
the heparin interaction ( 143). The resulting cytokine-heparin mixture is presented to the 
FGFRs (144). FGF cytokine binding to their receptors causes receptor dimerization and 
activation of the tyrosine kinase. These kinases phosphorylate each other and initiate 
downstream signaling. 

There are three components to this downstream signaling (Fig. 2). The first and main 
component is activation of the ras G-protein and mitogen-activated protein kinase 
(MAPK) cascade to stimulate gene expression (145). A second signal involves the phos- 
phorylation of STAT-1 (signal transducer and activator of transcription- 1) and its subse- 
quent translocation into the nucleus for transcriptional activation (146). Lastly, the 
activated FGFR stimulates phospholipase C to split PIP 2 (phosphatidylinositol-4,5- 
bisphosphate) into IP 3 (inositol 1,4,5-trisphosphate) and diacylglycerol. IP 3 causes 
release of Ca"*^ from intracellular stores and effecting signal transduction (145). 
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Fig. 2. Mechanisms of FGF receptor signal transduction. Signal transduction from the FGF receptor 
can be mediates through one of three pathways 1) activation of the ras G-protein and MAP kinase cas- 
cade to stimulate gene expression; 2) transcription factor STATl phosphorylation and translocation 
into the nucleus; or 3) activation of phospholipase C, which metabolizes PIPj to generate IP 3 and 
mobilization of intracellular calcium ions. FGF, fibroblast growth factor; MAPK, mitogen-activated 
protein kinase; STAT, signal transducer and activator of transcription; PLC, phospholipase C; PIP 2 , 
phosphatidylinositol-4,5-bisphosphate; IP 3 , inositol 1,4,5-trisphosphate. 



4. CXC CHEMOKINES 

Chemokines belong to a unique family of small protein molecules that are classified 
according to the spacing of conserved cysteine (C) residues into CC, CXC, CX^C, and C 
chemokines (147). CXC chemokines are heparin binding proteins that are less than 10 kDa 
in their monomeric forms and can regulate angiogenesis in a disparate manner based on 
their structures. These cytokines have four highly conserved cysteine amino acid residues, 
with the first two residues separated by one nonconserved amino acid residue (148,149). 
Since the mid-1980’s, at least 12 different CXC chemo ki nes have been identified and genes 
for nine of the CXC chemokine family are clustered on human chromosome 4. 

Although the CXC motif distinguishes these chemokines from other families, their 
angiogenic potential is determined by a second structural domain. The amino-terminus 
of the majority of the CXC chemokines contains three amino acid residues (glutamate- 
leucine-arginine: the ELR motif), which precede the first cysteine amino acid residue of 
the primary structure of these chemokines. Those family members, which contain the 
ELR motif, have enhanced neutrophil binding capabilities and are angiogenic (150). In 
contrast, those members which do not contain the ELR motif are angiostatic (Table 4). 

4.1. ELR(+) CXC Chemokines 

The role of the ELR motif in mediating angiogenesis was studied by Strieter et al. in 
1998 (150). Endothelial cell migration was increased in the presence ELR(-I-)CXC 
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Table 4 

CXC"* chemokines With Angiogenesis Activity 


ELR(+) CXC chemokines^ 


ELR(-) CXC chemokines 


Interleukin-8 (IL-8) 

Growth-Related Oncogene-a (GRO-a) 
Growth-Related Oncogene-y (GRO-y) 
Epithelial Neutrophil Activating 
Protein-78 (ENA-78) 

Granulocyte Chemotactic Protein-2 (GCP-2) 
Platelet Basic Protein (PBP) 

Connective Tissue Activating Protein-III 
(CTAP-III) 

P-Thromboglobulin (P-TG) 

Neutrophil Activating Protein-2 (NAP-2) 


Platelet Factor-4 (PF-4) 

Growth-Related Oncogene-P (GRO-P)^ 
Interferon-y-Inducible Protein- 10 (IP- 10) 
Monokine Induced by Interferon-y (MIG) 



■“CXC chemokines constitute one of the largest groups of chemokines with demonstrated angiogenic 
activity. In general, CXC chemokines that contain a glutamate-leucine-arginine motif (ELR) within its 
amino acid sequence stimulate angiogenesis, while those chemokines lacking the ELR motif are angio- 
static. There are exceptions to this rule. 

*ELR, glutamate-leucine-arginine. 

‘^Angiogenic CXC chemokine that does not contain the ELR motif. 



chemokines (interleukin- 8 [IL-8] and epithelial neutrophil activating protein-78 [ENA-78]) 
in a dose dependent manner. Other ELR(-I-)CXC chemokines, granulocyte chemotactic pro- 
tein-2 (GCP-2), growth related oncogene (GRO)-a, [3, and y, platelet basic protein (PBP), 
connective tissue activating protein-III (CTAP-III), and neutrophil activating protein-2 
(NAP-2), when tested showed a similar ability to induce endothelial cell migration. In con- 
trast, EER(-) chemokines (platelet factor 4 [PE4] and interferon-y-inducible protein- 10 [IP- 
10]) did not induce endothelial cell chemotaxis. Moore et al. further proved that EER(-) 
chemo ki nes were inhibitors of angiogenesis by performing endothelial cell chemotaxis in 
response to EER(-l-)CXC chemo ki nes (IE-8 or ENA-78) or bEGE with varying concentra- 
tions of EER(-) chemokines (PE4, IP- 10 or monokine induced by interferon-y (MIG)) 
(151). The endothelial cell migration in response to the EER(-l-) CXC chemokines was sig- 
nificantly inhibited by the EER(-) CXC chemo ki nes (PE4, IP- 10 or MIG). Interestingly, 
neither IP- 10 nor MIG inhibited IE-8 induced neutrophil chemotaxis (150). These studies 
were also done in vivo using the cornea micro-pocket assay of neovascularization and sim- 
ilar results were demonstrated with the EER(-I-) and EER(-) factors. 

4.1.1. Interleukin 8 

IE-8 was shown to be an angiogenic factor in 1992 (152-154). Kitadai et al. found 
high levels of IE- 8 in six of eight gastric carcinoma cell lines and 32 of 39 gastric car- 
cinoma specimens as compared to normal mucosal controls. The levels of IE-8 corre- 
lated strongly with the specimen vascularity (155). IE-8 was shown to be the major 
inducer of neovascularization of squamous cell carcinomas by Eingen et al. (156). 

Moore et al. demonstrated that IE- 8 is a positive regulator of tumor formation in severe 
combined immunodeficiency (SCID) mice injected with the prostate cancer cell line PC-3 
(157). Patients with prostate cancer have been found to have high serum levels of IE-8 
and these levels correlated with the stage of the disease. Additionally, in prostate cancer, 
serum IE- 8 levels have been determined to be an independent prognostic variable from the 







256 



Part III / Cytokines and Tumor Stroma/Metastasis 



serum levels of free and total prostate-specific antigen (PSA) (158). The combined use of 
free and total PSA ratio and IL-8 levels has been found to be more accurate in distinguish- 
ing between prostate cancer and benign prostatic hypertrophy. 

IL-8 has been found also to play a significant role in other cancers by mediating 
angiogenesis and tumorigenesis. IL-8 was found to be expressed at high levels in ovar- 
ian cancer cells and expression was correlated with tumorigenicity (159). In nonsmall- 
cell lung cancer, serum IL-8 is significantly elevated in tumor-bearing mice and this 
level correlated with the vessel density of these tumors (160). When tumor-bearing ani- 
mals were treated with neutralizing antibodies to IL-8, a 40% reduction in tumor growth 
and spontaneous metastases to the lungs was observed (161). This reduction in tumor 
growth and metastases correlated directly with reduced angiogenesis of the lesions. 

4.1.2. Growth-Related Oncogene Chemokines 

There are three members of the GRO chemo ki nes that mediate processes of angiogen- 
esis: GRO-a, P, and y. GRO-a, or melanoma growth stimulatory activity (MGSA), was 
first discovered as a product of oncogene-transfected cell lines and as a growth factor for 
melanoma cell lines. Luan et al. showed that GRO-a is expressed in 70% of human 
melanoma lesions examined. GRO-P is an exception to the “ELR rule” in that it is an 
angiogenic CXC chemokine but lacks the ELR motif. GRO-a, P, and y genes have been 
transfected into mouse Melan-A melanocytes and resulted in 100% tumor formation when 
these clones were injected into Nude or SCID mice (162,163). The tumors were very vas- 
cular, similar to the B16 melanoma tumor controls. When these tumors are depleted of 
GRO chemokines, a significant decrease in tumor angiogenesis was observed (162,163). 

4.2. ELR(-)CXC Chemokines 

4.2.1. Platelet Factor 4 

PE-4 targets to the tumor endothelium of active angiogenesis following systemic 
injection of fluoroscein isothiocyanate-labeled PE-4 (164,165). It was originally 
described for its ability to bind heparin and inactivate heparin’s anticoagulation function. 
Its high affinity for heparin and other glycosaminoglycans appears to be important in its 
inhibitory activity of heparin-binding cytokines, such as bEGE and VEGE. PE-4 has 
been demonstrated to inhibit endothelial cell migration, proliferation and angiogenesis in 
response to bEGE and VEGE^g^ by forming heterodimers with these cytokines and 
preventing them from binding to their cognate receptors (166-168). VEGE^ 2 i is not a 
heparin binding protein (64,166,169) and PE-4 does not inhibit its ability to bind to 
VEGE receptors on endothelial cells. It does, however, inhibit VEGEj 2 pinduced 
endothelial cell proliferation through other unrecognized mechanisms. 

A definitive PE-4 receptor has yet to be identified. However, the existence of such a 
receptor is supported by evidence of binding of this ligand to endothelial cells and direct 
inhibition of endothelial cell cycle by preventing S -phase entry (170). 

4.2.2. ELR(-)CXC Chemokines Regulated by Interferons 

MIG (monokine induced by interferon-y), IP-10 (interferon-y-inducible protein-10) 
and ITAC (interferon inducible T-cell-a chemo-attr actant) are three CXC chemokines 
of which their expressions are influenced by interferons (lENs). MIG and ITAC are pri- 
marily induced by lEN-y, whereas IP-10 expression is stimulated by all three lENs 
(a, p, and y) (149,171-177). 
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IP- 10 was shown to be an endogenous inhibitor of tumor formation in mouse tumor 
models. Squamous cell lung carcinomas, which grow poorly when xeno-transplanted into 
SCID mice, were found to have high levels of IP-10 (178). Tumor formation was 
increased if a neutralizing antibody to IP- 10 was given during the growth of the tumor 
(178). Additionally, IP- 10 and MIG were found to be higher in Burkitt lymphomas that 
demonstrated spontaneous regression and this correlated directly with impaired angiogen- 
esis (179). ITAC, similar to IP-10 and MIG, inhibits neovascularization in the rat comeal 
micro-pocket assay of angiogenesis in response to either ELR(-I-)CXC chemokines or 
VEGF. Overall, these findings suggest that all interferon-inducible EER(-)CXC 
chemokines are potent inhibitors of angiogenesis. 

4.2.3. CXC Chemokine Receptors 

Although high affinity binding sites for most CXC chemokines have been demon- 
strated in primary endothelial cells and vasculatures of normal and neoplastic tissues, 
the identification of receptors for these ligands has been unsuccessful for many years, 
mainly owing to lack of reagents that led to conflicting results from several laboratories 
(180,181). The recent introduction of specific monoclonal antibodies and sensible RNA 
probe-based assays, have allowed for the detection of previously unidentified receptors. 
Despite these recent advances, the specific receptors that convey the angiogenic signals 
mediated by individual CXC chemokines remain to be determined. In general, candi- 
date CXC chemokine receptors (CXCRs) responsible for angiogenic stimulation 
include CXCRl, CXCR2 and CXCR4, while inhibitory signaling is likely mediated by 
CXCR3 and CXCRS (Table 5). 

Currently, five CXCRs have been identified. IE-8 and GCP-2 bind specifically to 
CXCRl, whereas all the other EER(-l-)CXC chemo ki nes bind to CXCR2 (182-183). IP-10 
and MIG (EER(-)) bind to CXCR3 and SDF-1 binds to CXCR4 (184-185). B-cell- 
attracting chemokine-1 (BCA-1), a newly described CXC chemokine expressed on lym- 
phoid tissues that is chemotactic for B-lymphocytes, has been demonstrated to bind 
CXCRS (186). A definite receptor has yet to be identified for PF-4. 

5. INDIRECT MODULATORS OF ANGIOGENESIS 

Several factors regulate tumor angiogenesis indirectly by either stimulating or inhibit- 
ing the pro-angiogenic or angiostatic factors. Common indirect promoters of angiogenesis 
include tumor necrosis factor-a (TNF-a) and transforming growth factor [3. TNF-a pro- 
motes angiogenesis by different mechanisms. First, it stimulates urokinase secretion by 
endothelial cells and promotes endothelial cell migration. Second, TNF-a stimulates the 
expression of intercellular adhesion molecules (ICAM-1) on the surface of endothelial 
cells and promotes the formation of blood vessels. Third, TNF-a induces the secretion of 
angiogenic growth factor bFGF and thus promotes angiogenesis indirectly (187-188). 

TGF-(3 is a cytokine that inhibits normal angiogenesis through inhibition of endothe- 
lial cell proliferation and migration (189). However, despite this apparent negative role 
in normal angiogenesis, TGF-[3 is a powerful stimulator of tumor angiogenesis. It is 
secreted by tumor cells and attracts monocytes, macrophages, and lymphocytes to the 
neoplastic tissue. When present, these inflammatory cells secrete angiogenic cytokines 
and may serve as a mechanism for stimulating tumor angiogenesis (190). 

Notable indirect inhibitors of angiogenesis are interferons (IFN a, (3, and y) and 
interleukins (IF-1, 4, 10, 12, and 18). Inhibition of angiogenesis by the interferons is 
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Table 5 



Function of CXC Chemokines and Their Receptors'*’^’'^ 



Chemokine 


Receptor 


Angiogenic function 


GCP-2 


CXCRl 


+ 


IL-8 


CXCRl, CXCR2 


+ 


GRO-a 


CXCR2 


+ 


GRO-P 


CXCR2 


+ 


GRO-y 


CXCR2 


+ 


ENA-78 


CXCR2 


+ 


MIG 


CXCR3 


- 


IP- 10 


CXCR3 


- 


ITAC 


CXCR3 


- 


SDF-1 


CXCR4 


+ 


BCA-1 


CXCR5 


- 


PF-4 


Unknown 


- 



"CXC chemokines mediate contrasting processes of angiogenesis based on binding 
to specific receptors. Currently, five CXC chemokine receptors have been described. In 
general, CXCRl, 2, and 4 transduce signals that lead to stimulation of angiogenesis, 
while CXCR3 and 5 likely mediate inhibitory signals. 

^Angiogenic function stimulatory (+), inhibitory (-). 

“^GCP-2, granulocyte chemotactic protein-2; GRO, growth-related oncogene; IL-8, 
interleukin- 8. ENA-78, epithelial neutrophil activating protein-78, MIG, monokine 
induced by interferon-y; IP- 10, interferon-y- inducible protein- 10; ITAC, interferon 
inducible T-cell alpha chemo-attractant; SDF-1, stromal-derived factor- 1; BCA-1, B- 
cell-attracting chemokine- 1; PF-4, platelet factor-4; CXCR, CXC chemokine receptor. 



accomplished through multiple mechanisms. First, interferons induce the production of 
angiostatic factors: IFN-y induces the production of MIG, while IP- 10 is induced by 
IFN-[3, and y. Second, interferons inhibit angiogenesis by augmenting tbe production of 
proangiogenic factors: IFN-a and [3 inhibit FGF-2 expression, while IFN-y attenuates 
tbe expression of angiogenic factors IL-8, GRO-a, and ENA-78 (191,192). Similarly, 
interleukins inhibits tbe function of proangiogenic factors in order to mediate tbeir 
angiostatic effects. VEGF- and EGE-stimulated angiogenesis is inhibited by IE-4, while 
VEGE expression is inhibited by IL-10 (193-195). 

6 . CONCLUSION 

Angiogenesis is an indispensable process that plays an extremely important role in tbe 
normal progression of embryogenesis, wound healing, and the female reproductive cycle. 
It is equally important in pathologic states of inflammation and cancer, and the central role 
of angiogenesis driving metastatic tumor progression has been recognized through studies 
of the past few decades. Since Judah Eolkman’s first articulation of the therapeutic impli- 
cation of tumor angiogenesis, we have seen a striking increase in our knowledge of molec- 
ular mediators involved in the angiogenic process. An understanding of these elements has 
revealed a complex system encompassing a multitude of cytokines with overlapping func- 
tions and is the basis of ongoing development of various anticancer agents. The evolution 
of angiogenesis into a modality of therapy was achieved when the US Eood and Drug 
Administration approved Avastin, a VEGE inhibitory antibody, for the first-line treatment 
of metastatic colorectal cancer. Prospects of other angiogenic and angiostatic agents 
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currently in clinical trials yield optimisms of potential applications in numerous diseases 
including tissue repair and regeneration, as well as, anti-cancer therapeutics. However, cur- 
rent understanding of angiogenesis remains incomplete and realization of this goal will 
demand center stage of research efforts in the coming decades. 
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1. INTRODUCTION 

Chemotactic cytokines (chemokines) are a family of small proteins (8-10 kDa) 
inducing directed cell migration (chemotaxis) along a chemical gradient ( 1 - 5 ). 
Chemokines tightly regulate the positioning of leukocytes in secondary lymphoid 
organs (e.g., in lymph nodes and thymus), and are key determinants of the recruitment 
of leukocytes at sites of inflammation and tumor tissues. Besides hematopoietic cells, 
chemokines affect several other cell types, such as epithelial and endothelial cells, fihroh- 
lasts and tumor cells. Chemokines play an important role in immune and inflammatory 
reactions; in addition most of these molecules affect other important cell functions such 
as angiogenesis, collagen production, activation of enzymes and regulation of cell 
growth and apoptosis. Forty-seven chemokines have been identified so far in man. 
Based on a cystein motif, different subfamilies: CXC, CC, C and CX3C have been clas- 
sified (Table 1). The chemokine scaffold consists of an N-terminal loop connected via 
Cys bonds to the more structured core of the molecule (three b sheets) with a C terminal 
a helix ( 1 - 4 ). 

Chemokines interact with seven transmembrane domains, G-protein coupled recep- 
tors. Ten CC (CCRl-10), six CXC (CXCRl-6), one CX3C (CX3CR1) and one XCR 
(CXRl) receptors have been identified ( 3 - 6 ). Receptor expression is a crucial determi- 
nant of the spectrum of action of chemokines. Regulation of receptor transcription, as 
well as receptor signalling, is tightly regulated during cell differentiation and activation. 
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Table 1 

Chemokine and Receptor Classification" 




Chemokine Ligands 


Other Names 


Chemokine Receptors 


CXC Subfamily 

CXCLl 


GROa/MGSA-a 


CXCR2>CXCR1 


CXCL2 


GROP/MGSA-P 


CXCR2 


CXCL3 


GROy/MGSA-Y 


CXCR2 


CXCL4 


PF4 


Unknown 


CXCL5 


ENA-78 


CXCR2 


CXCL6 


GCP-2 


CXCRL CXCR2 


CXCL7 


NAP-2 


CXCR2 


CXCL8 


IL-8 


CXCRL CXCR2 


CXCL9 


Mig 


CXCR3 


CXCLIO 


IP- 10 


CXCR3 


CXCLl 1 


I-TAC 


CXCR3 


CXCLl 2 


SDFl a/p 


CXCR4 


CXCLl 3 


BCA-1 


CXCR5 


CXCL14 


BRAK/bolekine 


Unknown 


(CXCLl 5) 


Unknown 


Unknown 


CXCLl 6 




CXCR6 


C Subfamily 

XCLl 


Lymphotactin/SCM- 1 o/ATAC 


XCRl 


XCL2 


SCM-ip 


XCRl 


CX3C Subfamily 

CX3CL1 


Fractalkine 


CX3CR1 


CC Subfamily 

CCLl 


1-309 


CCR8 


CCL2 


MCP-l/MCAF/ TDCF 


CCR2 


CCL3 


MIP-la/LD78a 


CCRl, CCR5 


CCL3L1 


LD78P 


CCRl, CCR5 


CCL4 


MIP-ip 


CCR5 


CCL5 


RANTES 


CCRL CCR3, CCR5 


(CCL6) 


Unknown 


Unknown 


CCL7 


MCP-3 


CCRL CCR2, CCR3 


CCL8 


MCP-2 


CCR3, CCR5 


(CCL9/10) 


Unknown 


CCRl 


CCLll 


Eotaxin 


CCR3 


(CCLl 2) 


Unknown 


CCR2 


CCLl 3 


MCP-4 


CCR2, CCR3 


CCL14 


HCC-1 


CCRL CCR5 


CCLl 5 


HCC-2/Lkn-l/MIP-l5 


CCRl, CCR3 


CCLl 6 


HCC-4/LEC/LCC-1 


CCRl, CCR2 


CCLl 7 


TARC 


CCR4 


CCLl 8 


DC-CKl/PARC/AMC-1 


Unknown 


CCLl 9 


MIP-3p/ELC/exodus-3 


CCR7 


CCL20 


MIP-3a/LARC/exodus- 1 


CCR6 


CCL21 


6Ckine/SLC/exodus-2 


CCR7 


CCL22 


MDC/STCP-1 


CCR4 


CCL23 


MPIF-1/CKP8/CKP8-1 


CCRl 


CCL24 


Eotaxin-2/MPIF-2 


CCR3 


CCL25 


TECK 


CCR9 


CCL26 


Ecotaxin-3 


CCR3 


CCL27 


CTACK/ILC 


CCRIO 


CCL28 


MFC 


CCR3/CCR10 



“In parenthesis: only mouse ligand identified. 
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Because the discovery of chemokines, the field was strongly connected to cancer 
biology. This connection is illustrated hy the identification of monocyte chemotactic 
protein- 1, now called CCL2, in culture supernatants of tumor cell lines (7). Indeed 
tumor cells have represented an invaluable tool for the identification and characteriza- 
tion of chemokines. In the tumor microenvironment chemokines are produced both by 
stromal cells (fibroblasts, endothelial cells, and infiltrating leukocytes) and by the tumor 
itself. The field of chemokines in tumor biology has dramatically developed in the last 
decade and has expanded from the regulation of leukocyte attraction within the tumor 
mass to the promotion of tumor cell survival, proliferation, and mobilization (S). In this 
chapter we will review the current knowledge on the field of chemokines and their rela- 
tionship with cancer biology. 



2. TUMORS PRODUCE CHEMOKINES 

In the early 1980s it had been noted that tumor supernatants contained chemo-attrac- 
tants active on monocytes (9). The first tumor-derived chemotactic factor identified 
turned out to be human CCL2. CCL2 is probably the CC chemokine most frequently 
found in tumors. Human tumors shown to express CCL2 in vivo include sarcomas, 
gliomas, lung tumors, carcinomas of the breast, cervix and ovary, melanoma, and pan- 
creas (8). Several lines of evidence, including correlation between production and infil- 
tration in murine and human tumors, passive immunization, and gene modification, 
indicate that CCL2 plays a pivotal role in the recruitment of monocytes in neoplastic 
tisues, as discussed below (8,10,11). 

A variety of other chemokines have been detected in neoplastic tissues as products of 
tumor cells or stromal elements. These include CCL5, CXCL12, CXCL8, CXCLl, 
CXCL13, CCL17 and CCL22. CCL5 is produced by breast carcinoma and melanoma 
(12,13). In breast cancer CCL5 expression by tumor cells correlates with a more 
advanced stage of disease, suggesting that CCL5 may be involved in breast cancer pro- 
gression (13,14). Melanoma is probably the most studied cancer type in which CXC 
chemokines and in particular CXCLl and related molecules (CXCL2, CXCL3, CXCL8 
or IL-8) have been demonstrated to play a role in tumor progression (15). They do so 
by direct stimulation of neoplastic growth, promotion of inflammation, and induction of 
angiogenesis. CXCLl was initially identified and purified from supernatants of 
melanoma cell lines and characterized as an autocrine growth factor (16,17). Blocking 
of CXCLl, or its receptor CXCR2, with specific antibodies inhibited the growth of 
melanoma cells in vitro (18). Conversely, the over-expression of CXCLl (19), CXCL2, 
or CXCL3 (20); in various melanoma cell lines increased their ability to form colonies 
in soft agar and their tumorigenicity in nude mice. A few other studies have proposed a 
similar role for CXCL8 related chemokines in head and neck (21), pancreas (22), and 
nonsmall-cell lung cancer (NSCLC) (23). 

Autocrine and paracrine expression of CCL20 has been reported in pancreatic can- 
cer (24). CXCL13 is a B-cell chemokine and is highly expressed in Helicobacter pylori- 
induced lymphoma (25). A role for CXCL13 in the localization of tumor cells has been 
suggested. 

Chemokine production can be constitutive or inducible by environmental stimuli. 
Although constitutive chemokines control the homeostatic trafficking of leukocytes 
under steady state conditions, inducible chemokines are produced under conditions of 
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inflammation and immune reactions. Tumors are generally characterized by the consti- 
tutive expression of chemokines belonging to the inducible realm. The molecular mech- 
anism accounting for constitutive expression have been defined only for CXCLl and 
involved NFkB activation. Melanoma cells display high expression of NF-kB - inducing 
kinase (NIK) ( 26 ) and this phenotype is responsible for constitutive activation of IkB 
kinase activity and MAPK signaling cascades, as well as for constitutive activation of 
NF-kB ( 27 , 28 ). This may represent a general mechanism undelying constitutive expres- 
sion of inflammatory chemokines in tumors. 

3. ROLE OF TUMOR-DERIVED CHEMOKINES 
IN ATTRACTING LEUKOCYTES 

Tumors are composed of tumor cells and stromal cells, which sometimes are very 
developed and can even outnumber cancer cells. Besides fibroblasts and endothelial 
cells, leukocytes (especially macrophages and T-lymphocytes) are the most represented 
cell types. 



3.1. Monocyte-Macrophages 

Tumor-associated macrophages (TAM) derive from monocytic precursors circulating 
in the blood ( 29 ). Several studies have indicated that CCL2 is primarily responsible for 
the recruitment of monocytes at the tumor site. Indeed, CCL2 levels correlated with the 
abundance of TAM in several types of adenocarcinoma, including ovarian, breast, and 
pancreas ( 30 - 35 ). Interestingly, CCL2 production has been detected also in TAM, indi- 
cating the existence of an amplification loop for their recruitment ( 34 ). Other CC 
chemokines related to CCL2, such as CCL7 and CCL8 are also produced by tumors and 
shown to recruit monocytes ( 36 ). 

TAM have an ambiguous role in their relationship with tumor cells, as described in the 
macrophage balance hypothesis ( 10 , 28 , 37 ). Although they can potentially display tumor 
cytotocity, they are believed to have primarily protumor functions (see Chapter 14) ( 10 , 38 ). 

TAM produce several factors that can promote angiogenesis, such as basic fibroblast 
growth factor (bFGF), vascular endothelial growth factor (VEGF), and several proteases 
(Fig.l). They also possess procoagulant activity through fibrin deposition, which indi- 
rectly enhances blood vessel formation. Indeed it was observed that the density of blood 
microvessels correlates with the extent of macrophage infiltration in breast cancer 
( 39 , 40 ). TAM are also a source of lL-10 and PGE 2 , two potent immuno-modulating mol- 
ecules contributing to immunosuppression ( 10 , 41 , 42 ). On the basis of this functional 
profile TAM have been considered to be M2 type macrophages, like macrophages 
activated by Th2-cytokines and IE- 10 ( 10 ). A recent review of the prognostic signifi- 
cance of TAM levels in human tumors concluded that in 10 of 15 studies macrophage 
infiltration was associated with worse prognosis ( 43 ). 

In accordance with the potential dual role of TAM, the gene transfer of CCE2 into 
tumors had contrasting effects. At least three reports indicated reduced tumorigenic- 
ity ( 44 - 46 ). The results of another study pointed to an opposite effect: the number of 
spontaneous lung metastases was augmented in animals injected with CCE2-transfec- 
tants compared to those injected with parental cells ( 47 , 48 ). The impact of CCE2 
on tumor growth in a nontumorigenic melanoma system revealed a biphasic effect. 
Eow-level CCE2 secretion, with “physiologic” accumulation of TAM promoted 
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Fig. 1. Relevance of the chemokine network in the tumor micro-environment and in the pro-tumoral 
function of tumor-associated macrophages (TAM). Tumor-derived chemokines actively recruit circu- 
lating blood monocytes at the tumor site. Chemokines participate in several pro-tumoral functions of 
TAM, including promotion of angiogenesis, tissue remodeling and invasion, activation of matrix- 
metalloproteases (MMPs) and direct tumor growth. Selected chemokines attract T-helper 2 (Th2)- 
polarized lymphocytes and T-regulatory cells, which are ineffective in ictumor immunity and suppress 
ictumor responses. 



tumor formation, whereas high CCL2 secretion resulted in massive macrophage infil- 
tration into the tumor mass and in its destruction ( 48 ). Similarly, a high inoculum of 
CCL-2-transfected melanoma cells showed retarded tumor growth, whereas a small 
inoculum was more tumorigenic ( 38 ). These results are consistent with the 
“macrophage balance” hypothesis ( 10 , 29 ). 

As mentioned above, in addition to being a target for chemokines, TAM are a source 
of a selected set of these mediators (CCL2, CCL17, CCL18, and CCL22) (Fig.l). 
CCL18 was recently identified as the most abundant chemokine in human ovarian 
ascites fluid ( 49 ). When the source of CCL18 was investigated, it was tracked to TAM, 
with no production by ovarian carcinoma cells. CCL18 is a CC chemokine produced 
constitutively by immature DC and inducible in macrophages by IL-4, IL-13 and IL-10. 
Because IL-4 and IL-13 are not expressed in substantial amounts in ovarian cancer, it is 
likely that IL-10, produced by tumor cells and macrophages themselves, accounts for 
CCL18 production by TAM. CCL18 is an attractant for naive T-cells by interacting with 
an unidentified receptor ( 3 , 5 ). Attraction of naive T-cells in a peripheral microenviron- 
ment dominated by M2 macrophages and immature DC is likely to induce T-cell anergy. 

3.2. Neutrophils 

CXCL8 and related chemokines act primarily on neutrophils. In spite of constitutive 
production of these ligands by tumor cells, neutrophils are not a major and obvious con- 
stituent of the leukocyte infiltrate. However, these cells, though present in minute num- 
bers, may play a key role in triggering and sustaining the inflammatory cascade, for 
instance by releasing angiogenic molecules ( 50 ). Interestingly, IL-4 and IL-13 render 
monocytes exquisitely sensitive to CXCL8 and CXCLl ( 51 ). Therefore, in the tumor 
microenvironment, where IL-4/IL- 13 -producing, polarized type II T-cells can be present. 
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CXCL8 and related chemokines may contribute to guide the positioning and to regulate 
the function of macrophages. 

3.3. Lymphocytes 

Most of our knowledge on the role of chemokines in the recruitment of T- and NK- 
cells is derived fron studies using chemokine-transfected tumor cells. Trasduction of 
CCL5 in tumor cells resulted in loss of tumorigenicity owing to activation of ictumor 
immunity ( 52 ). Similar activity was shown by CCL3. These ligands of CCR5 are 
expressed, for instance, in nasopharingeal and ovarian carcinoma and have been pro- 
posed to regulate T-cell infiltration ( 30 , 52 ). Despite these evidences, in vivo expression 
of CCL5 is associated with advanced disease in breast and cervical cancer ( 13 , 53 ). 

Expression of CXCL9 has been associated with heavy infiltration of T-lymphocytes 
in human melanoma ( 54 ) and in mouse tumor models ( 55 - 57 ). CXCLIO was reported 
to be an important factor for IL-12-mediated ictumor response through the recruitment 
and activation of CDS lymphocytes ( 58 ) and NK cells ( 59 ). The chemokine CCL21 
recruits dendritic cells and lymphocytes (naive T, NK cells, and a subset of memory 
T-cells), and displays icneoplastic effects when transduced in tumor cells ( 60 - 62 ) or 
injected locally ( 63 ). Similar results were reported for CCL19, which shares with 
CCL21 the same receptor CCR7 ( 64 ). 

Chemokines are part of amplification and regulation systems of polarized T-cell 
responses. Some chemokines may enhance innate and specific host immunity against 
tumors but on the other hand other chemokines may contribute to escape from the 
immune system, by recruiting Th2 effectors and regulatory T-cells ( 65 , 66 ). Work in 
gene-modified mice has shown that CCL2 can orient specific immunity in a Th2 direc- 
tion. Although the exact mechanism for this action has not been defined, it may include 
stimulation of IL-10 production in macrophages ( 67 ). 

Reed-Stemberg cells in Hodgkin’s lymphoma have been shown to express CCL22 and 
CCL17 ( 68 , 69 ). These chemokines recognize CCR4 which is preferentially expressed on 
Th2 lymphocytes and on T-regulatory cells (Treg) ( 2 , 70 ). Interestingly, in the same tumor, 
stromal cells produce CCLl 1, which attracts eosinophils and Th2 cells. Therefore, in this 
human tumor, neoplastic elements and stroma use complementary tools to recruit 
immunocompetent cells associated with polarized type II responses, unable to mediate 
ictumor immunity. 

In the same vein of driving polarized Th2 cells into tumors, the oncogenic virus human 
herpesvirus 8 (HHV8), involved in the pathogenesis of Kaposi sarcoma and hematologic 
malignancies, encodes three CC chemokines (vMIPI, II and III) which interact with 
CCR3, CCR4, and CCR8 expressed on Th2 cells and T-regulatory cells ( 70 ). Consistently 
with these in vitro observations, Kaposi sarcoma is infiltrated by CD8-I- and, to a lesser 
extent, CD4-I- cells with a predominant Th2 phenotype. Therefore, HHV8 virus-encoded 
chemokines represent a strategy to subvert antiviral/antitumor immunity by favouring the 
recruitment of inefficient cells and cells with suppressive activity. 

In addition to viral chemokines, HHV8 encodes for a chemokine receptor homo- 
logue, ORF74, also known as KSHV vGPCR, showing similiarity with CXCR2 ( 71 , 72 ). 
This receptor triggers a constitutive signal which is further increased by CXCL8 and 
CXCLl, providing a good example of a direct role of chemokines and receptors in neo- 
plastic transformation. Indeed, over-expression of KSHV vGPCR alone resulted in the 
development of lesions resembling Kaposi sarcoma ( 71 ). 
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3.4. Dendritic Cells 

It has been clearly shown that chemokines tightly control the tissue trafficking of 
myeloid dendritic cells (DC) in their migration to secondary lymphoid organs ( 73 - 77 ). 
Chemo ki nes are also involved in the recruitment of DC at the tumor site ( 78 , 79 ). 
Although usually rare cells, DC have been detected in several tumor types, including 
lung, prostate, nasopharynx, kidney, thyroid, breast, ovary, and melanoma ( 80 - 89 ). 
Although TAM are, usually, dispersed evenly within the tumor mass. Tumor-associated 
DC (TADC) localize in specific areas. In papillary carcinoma of the thyroid, DC were 
found at the invasion edge of the tumor ( 120 ). In breast carcinoma, DC with a mature 
phenotype (DC-LAMP-I-) were localized in peri-tumoral areas, whereas immature DC 
were inside the tumor ( 80 ). A few chemokines are more restricted for DC. CCL20 inter- 
acts with CCR6, a receptor expressed by Langerhans cells but not by monocyte-derived 
DC. Infiltration of Langerhans-like DC, positive for the marker Langerin, was noted in 
breast cancer expressing CCL20 ( 80 ). 

The presence of plamacytoid DC (P-DC), a distinct DC subset of lymphoid origin, is 
a recent finding. P-DC have been shown to accumulate in breast metastatic lymph nodes 
( 90 ) and in ovarian cancer in correlation with the expression of CXCL12 to which they 
respond ( 89 ). Primary melanoma is infiltrated with both myeloid and P-DC ( 91 , 92 ). 

The significance of active recruitment of antigen-presenting cells in the tumor, 
especially whether it is a sign of active immune response, is not clear. DC are well 
equipped to pick up tumor antigens and cross-present them to T-lymphocytes, as docu- 
mented by several studies ( 77 , 83 , 94 ). However DC can also potently induce tolerance 
( 95 , 96 ) and, as mentioned above, the tumor microenvironment contains immuno-sup- 
pressive factors that have been shown to hamper dendritic cell differentiation and acti- 
vation (Fig. 2). 

In several tumor models where chemokine-induced tumor regression was established, 
the presence of DC was documented, but their exact role has not been investigated. The 
chemokines involved in these studies included CCL7, CCL16, CCL21 CCL20, CCL19, 
and CXCL12 ( 60 - 64 , 97 - 99 ). Therefore the role of intratumoral DC in the establishment 
of ictumor immunity, or in the induction of tolerance, remains to be elucidated. 

4. ROLE OF CHEMOKINES IN TUMOR 
SPREAD AND PROGRESSION 

It has long been known that tumor-derived proteases can cleave the extracellular 
matrix molecules and lead to the dissolution of the basement membrane, thus facilitating 
the process of tumor cell invasion. A variety of proteolytic enzymes, in particular the 
tissue type plasminogen activator (t-PA), the urokinase-type plasminogen activators 
(u-PA) and the large family of matrix-metalloproteinases (MMPs) have been implicated 
in this degradation ( 100 - 102 ). The activity of these enzymes has been associated with 
more aggressive neoplastic behaviour. For example, t-PA and u-PA and their respective 
receptors, annexin II and u-PAR, were demonstrated to contribute to the invasive behav- 
ior of pancreatic cancer ( 103 ). MMP-2 expression is increased in several tumors and 
strongly correlates with nodal status and tumor stage ( 104 ). Chemokines are potent 
inducers of enzymes and receptors which degrade the extracellular matrix and favor 
tumor invasion. In a gene expression analysis, the chemokine CCL5 specifically induced 
gene expression of various MMPs, especially MMP9, along with the uPA receptor ( 105 ). 
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Fig. 2. Immune-suppressive effects of the tumor micro-environment. Tumor cells produce several 
cytokines which affect the outcome of a potential ictumor response. Cytokines like IL-10, vascular 
endothelial growth factor (VEGF) and transforming growth factor (TGFb) inhibit the differentiation 
of monocytes into dendritic cells (DC), as well as the maturation of DC precursors into immunocom- 
petent mature DC. Cytokines like IF- 10, IF-6, and monocyte colony stimulating factor (M-CSF), 
favor the differentiation of monocytes into M2 type macrophages, which, at the tumor site, may have 
pro-tumoral functions. (See Chapters 5, 8, 9, and 13 for further details). 



Macrophages can produce proteases and strong evidence demonstrates that 
chemokines activate TAM to release MMPs in the tumor micro-environment (Fig.l). 
In particular, MMP9 derived from hematopoietic cells of host origin, has been shown 
to contribute to skin carcinogenesis (100). In addition, MMP9 has complex effects 
beyond matrix degradation, including promotion of angiogenesis and release of growth 
factors (106). 

Angiogenesis is a key event in tumor growth and progression. Chemokines have a 
major impact on the regulation of neovascularization in tumor tissues (Table 2). The NH2- 
terminus of several CXC chemo ki nes contains a highly conserved amino acid motif 
(Glu-Leu-Arg: ELR motif), which immediately preceeds the first cystein (107-109). ELR-l- 
chemokines have potent angiogenic activity. The angiogenic members include CXCEl 
through CXCE8, with the exception of CXCE4. These chemo ki nes act through a common 
receptor, CXCR2. Although some EER-l- chemokines bind both CXCRl and CXCR2, it is 
widely accepted that only CXCR2 mediates the angiogenic activity and, accordingly, 
endothelial cells express only CXCR2 (110). Another important ligand-receptor pair is 
CXCE12 and CXCR4. Even if CXCE12 is a non-EER chemokine, its activity has been inpli- 
cated in neo-angiogenesis (111,112). The importance of EER-l- chemokines in supporting 
angiogenesis during the neoplastic progression has been established in a variety of tumor 
cell types, including prostate and ovarian carcinoma and NSCEC (113-116). 

Both in mouse tumor models and in surgical specimens obtained from tumor 
patients, expression of CXCE5 and CXCE8 was associated with increased neovascular- 
ization and inversely correlated with survival. Conversely, depletion of CXCE5 resulted 
in attenuation of tumor growth and angiogenesis. The finding of the unique use of 
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Table 2 

Regulation of Angiogenesis by Chemokines" 



Promoting angiogenesis 



ELR*-l- chemokines 


CXCLl 

CXCL2 

CXCL3 

CXCL5 

CXCL6 

CXCL7 

CXCL8 




ELR- Chemokine 


CXCL12 




Inhibiting angiogenesis 


ELR- chemokine 


CXCL4 






CXCL9 


Interferon-inducible 




CXCLIO 


Interferon-inducible 




CXCLl 1 


Interferon-inducible 



“ELR: highly conserved amino acid motif defining a subgroup of 
CXC chemokines. 



CXCR2 receptor, despite the redundancy of ELR+ chemokines, provides a good oppor- 
tunity to target this receptor for therapeutic interventions. 

On the other hand, another series of CXC chemo ki nes lacking the ELR motif (non- 
EER) are characterized hy the ability to block or inhibit angiogenesis. The angiostatic 
members are CXCE4, CXCE9, CXCEIO, and CXCEll. The three latter chemo ki nes are 
interferon-inducible, and their biologic functions are directly relevant to the function of 
Thl stimulating cytokines, like IE-12, IE-18, and IE-23, that induce the production of 
IFN-y (109). CXCE9, CXCEIO, and CXCEll bind the CXCR3 receptor (1,108). Recent 
observation has demonstrated that CXCR3 exists in two different isoforms: CXCR3A and 
CXCR3B, which differ in their NHj terminus (117). CXCR3B, which is more expressed 
than CXCR3A in endothelial cells, appears to mediate the angiostatic activity of lEN- 
inducible chemokines. In addition, CXCE4 was shown to bind to CXCR3B (117). 

Non-EER CXC chemokines have been shown to inhibit angiogenesis in several tumor 
models. Over-expression of CXCE9 and CXEIO in tumor cells leads to spontaneous 
tumor regression in lymphoma cells (118,119), NSCEC (120) and melanoma (121). 

Therefore, the balance of EER-l- vs non-EER chemokines produced in the tumor 
microenvironment may determine the degree of angiogenesis surrounding and inside 
the tumor tissue and the consequent tumor progression. 

Macrophages play a central role in tissue remodeling and repair during ontogeny and 
adult life. They exert a dual influence on blood vessel formation and function: on the 
one hand macrophages produce molecules that are pro-angiogenic, on the other hand 
they can express anti- angiogenic molecules and damage the integrity of blood vessels. 
In general, in the tumor micro-environment, the pro-angiogenic functions of TAM pre- 
vail (Eig. 1). TAM produce a host of growth factors that affect tumor cell proliferation, 
angiogenesis, and the deposition and dissolution of connective tissues. In several stud- 
ies, TAM accumulation in human cancer has been associated with high neovasculariza- 
tion and with the production of angiogenic factors such as VEGE and platelet-derived 
endothelial cell growth factor, fibroblast and epidermal growth factor (EGE, EGE), and 
chemokines (10,40,43). 
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Uneven vascularization and hypoxia are characteristics of neoplastic tissues. TAM 
accumulate preferentially in the poorly vascularized regions of tumors with low oxygen 
tension. Under hypoxic conditions TAM are stimulated to express hypoxia-inducihle 
genes, such as VEGF, hFGF and CXF8. Therefore, macrophages recruited in situ rep- 
resent an indirect pathway of amplification of angiogenesis, in concert with angiogenic 
molecules directly produced hy tumor cells. 

5. TUMOR CELLS EXPRESS CHEMOKINE RECEPTORS 

Chemokines act through specific 7-transmemhrane receptors coupled to G proteins 
(1). Whereas the expression of chemokines in human and experimental tumors had been 
the object of intense investigation, the expression of chemokine receptors has been pur- 
sued to a much lesser extent, until very recently. 

Earlier studies already pointed out that tumor cells express functional chemo ki ne 
receptors. Some tumor cell lines migrated in response to CXCF8 and related chemokines, 
and antibodies against CXCR2 were able to inhibit the growth of melanoma cells in vitro 
(18). Other inflammatory chemo ki nes have been tested and induced motility of malignant 
cells of hematopoietic and epithelial origin (122,123). The most potent chemoattractants 
for human breast adenocarcinoma cell lines were CCF3, CCF4, CCF5, and CCF2. 

Breast carcinoma cells also express CXCR4, the receptor for CXCF12, and this 
receptor has recently been implicated in the process of metastatization (124). Since 
then, many other tumors of different histologies have been evaluated and shown to 
express chemotactic receptors (Table 3). 

Although cancer cells may express different receptor repertoire, the most common 
receptor is, by far, CXCR4. Several different tumor types of hematologic, epithelial, and 
mesenchimal origin express this receptor. For instance CXCR4 was found in acute lym- 
phoblastic and myeloblastic leukemia, in non-Hodgkin lymphoma, in tumors derived 
from the ovaries, lung, kidney, pancreas, and prostate, as well as in melanoma, neurob- 
lastoma, and rhabdomyosarcoma (8). 

In addition to CXCR4, other receptors have been detected. In human pancreatic can- 
cer, expression of CCR6 and its ligand CCF20, was reported (24). Melanoma cells 
express CCR7, (receptor for CCF19 and CCF21) (124). as well as CCRIO (receptor for 
CCF27) (124). Gastric tumors express CCR7 and this receptor was associated with 
lymph node metastasis and poorer prognosis in two different studies (125,126). In one 
retrospective analysis of patients with NSCFC, expression of CCR7 correlated with 
increased lymph node metastatic involvement (127). These results found further sup- 
port in experimental tumor models: transduction of tumor cells with CCR7 conferred 
improved ability to metastasize to regional lymph nodes (128), whereas CXCR4-trans- 
fected celle preferentially migrated to the lung (129). NSCFC also express CXCR4 
(130-132). In immunodeficient mice inoculated with CXCR4-positive human NSCFC, 
the administration of specific neutralizing anti-CXCF12 antibodies abrogated organ 
metastases (133). Overall these results support the concept that chemokines and their 
receptors may be involved in the control of cancer dissemination. 

Several lines of evidence show that the chemokine CXCF12 may also be involved in 
promoting tumor cell survival and growth. In several types of cancer, including glioma, 
melanoma, NSCFC, renal, and thyroid, CXCF12 can stimulate the proliferation and/or 
survival of CXCR4-expressing tumor cells (8). 
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Table 3 



Chemokine Receptors Expressed by Human Tumor Cells 



Tumor type 


Chemokine receptor expressed 


Most frequent 


Other Receptors 


Breast 


CXCR4 


CCR7 


Ovary 


CXCR4 


CCR9 


Prostate 


CXCR4 


CCR9 


Melanoma 


CXCR4 


CXCR3, CCR7, CCRIO 


NSCLC 


CXCR4 


CCR7 



Production of CXCL12, both at mRNA and at protein level, has been detected in several 
tumors, including CXCR4-positive tumors, thus suggesting that autocrine or paracrine 
loops of growth may be feasible. 



6. CONCLUSIONS 

A complex network of chemokines and receptors exists in the tumor microenviron- 
ment. Chemokines are crucial determinant of the leukocyte infiltrate of tumors. Strong 
evidence suggest that tumor-associated macrophages may promote tumor progression 
via the release of angiogenic factors, proteolytic enzymes, and immune-suppressive 
molecules, which would enhance tumor growth, dissemination and evasion from 
immune control. In addition, ELR-l- chemokines have direct angiogenic activity. Tumor 
cells themselves express chemokine receptors, in particular CXCR4, which possibly 
supports tumor cell survival and invasion. 

If chemokine and receptor expression is an advantage for tumor cells, it is possible 
that these molecules will become target of therapeutic interventions. Chemokine and 
receptor antgonists are being developed and actively investigated. In several murine 
cancer models and in preliminary clinical studies, these molecules have shown activity 
both as inhibitors of leukocyte recruitment, as well as inhibitors of angiogenesis and 
metastatic spreading (8,134-136). 

The chemokine network definitely affects tumor development, but its ultimate signif- 
icance is still poorly understood. Further studies in primary and metastatic tumors are 
needed, and will possibly lead to new approaches to treatment. 
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1. INTRODUCTION 

Cachexia, or wasting, is the most common syndrome resulting from human malignan- 
cies, estimated to contrihute to nearly a quarter of all cancer deaths. Although cachexia 
has been clinically diagnosed for more than a century, it is only relatively recently that 
investigators have begun unraveling the molecular mechanisms underlying the wasting 
state that predominates in adipose and skeletal muscle tissues. Tumor necrosis factor-a, 
or TNF-a is considered a leading mediator or cancer cachexia. This cytokine is produced 
by tumor, immune, and stromal cells to provide a growth and survival advantage within 
the tumor microenvironment. It also functions in an autocrine and paracrine fashion in 
adipose and skeletal muscles to regulate tissue breakdown. TNF-induced fat catabolism 
is largely regulated through the feeding response and through the control of gene expres- 
sion to differentiate and maintain the homeostasis of adipose tissue. Regulation of skeletal 
muscle catabolism in cachexia is regulated by the ubiquitin-proteasome system, whose 
activity may also be controlled by TNF. Elucidation of the TNF signaling pathway has 
provided further insight into the regulation of cancer cachexia. One effector of this path- 
way in particular, NF-kB, appears to be essential for TNF-mediated fat and skeletal muscle 
decay. Understanding the mechanisms by which NF-kB functions in cancer cachexia 
may reveal still other novel therapeutic targets of wasting that may be used in combina- 
tion with currently existing anti-TNF therapy. 
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2. FEATURES OF CANCER CACHEXIA 

Cachexia derives from the Greek words, kekos that stands for “had” and hexis, stand- 
ing for “condition.” This syndrome is most pronounced in end stage diseases that tend 
to associate with chronic inflammation, such as in cancer, AIDS, chronic heart failure, 
sepsis, tuberculosis, and severe hums (1-3). Cachexia is a complex metabolic disorder, 
which is most often characterized as a wasting process resulting in severe weight loss. 
In actuality however, cachexia is more than simply weight loss. This disease state also 
encompasses features of anorexia, anemia, lipolysis, acute phase response, and insulin 
resistance. Unlike simple starvation, which causes the depletion of fat while preserving 
protein content mainly from skeletal muscle, in cachexia neither tissue is spared (4). 
This may be one reason to explain why in cachectic patients, nutritional supplements 
alone are sufficient to restore transient weight gain through the accumulation of fat, but 
is mostly ineffective in restoring lean body mass (5). The chronic consumption or wast- 
ing of muscle protein, combined with an absence of compensatory production of new 
protein, culminates in conditions of asthenia, immobility, and eventual death (2). 
Cachexia is one of the most prevalent adverse effects of cancer. It has been estimated 
that over 50% of cancer patients suffer from cachexia, and 20% of mortalities are 
thought to result from cachexia complications rather than the direct tumor burden (3,6). 
Weight loss as small as 5% of the usual body weight can significantly worsen progno- 
sis. The wasting condition can also drastically lower tumor responsiveness to chemo 
and radiotherapy. Patients diagnosed as cachectic must therefore receive lower doses of 
treatment, and even under such conditions often develop dose-limited toxicity (7). 

The degree of cachexia and resulting decrease in lean mass appears to correlate 
tightly to tumor types that generally divide themselves into three classes (8,9). The first 
class, represented by such cancers as lymphoma, sarcoma, and breast tumors, exhibit 
the smallest fraction of weight loss. In only a minority of patients suffering from these 
tumor types does weight loss exceed 10% of the original body weight before the onset 
of disease. The second class of tumors represented by colon, prostate, small cell and 
nonsmall-cell lung cancer promote greater than 10% weight loss in approx 15% of 
patients. However, tumor progression can eventually lead to enhanced loss of lean mass, 
and lung cancer patients have been reported to lose as much as 30% of their pre-illness 
stable weight. The third class, exhibiting the highest incidence of cachexia, is repre- 
sented by upper gastrointestinal cancers such as pancreas and gastric. It has been esti- 
mated in these tumors over 30% of patients have greater than 10% reduction of body 
weight. One study has even reported that at time of diagnosis, 85% of patients with pan- 
creatic carcinoma exhibited some degree of weight loss, and multiple cases were 
reported where patients lost 25% of their original body weight near time of death (10). 
Perhaps not surprising, it is also this third class of tumor types that exhibit the lowest 
median survival rates. Why certain classes of tumors are more prone to developing 
cachexia is not clear, but this likely derives from the specificity as well as the concen- 
tration of cachectic factors produced from both tumor and host cells. 

Cancer cachexia is foremost a metabolic condition that ensues as a direct conse- 
quence of the growth and survival of tumor cells. Tumor development is fueled at the 
expense of the host, thus creating an energy imbalance that underlies the wasting state 
(11) (Fig. 1). Glucose is the major source of fuel, which tumor cells obtain from the 
breakdown of adipose and skeletal muscle. Fat wasting or lipolysis generates free fatty 
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adipose 




Fig. 1. Factors secreted from tumor cells induce the breakdown of adipose and skeletal muscle tissues 
releasing fatty acids and amino acids, respectively. These substances are used directly by the tumor 
or can be converted to glucose via the liver only to be reused by tumor cells. 

acids and glycerol, which are directly used hy the cancer cells, or otherwise converted 
to glucose to he subsequently reahsorhed hy the tumor ( 12 , 13 ). Because of insufficient 
oxygen, the Kreh cycle and oxidative phosphorylation are not favored processes in 
tumor cells. Rather, glucose is converted to lactate, which is then transported to the liver. 
There, the carhon skeleton is metabolized to resynthesize glucose, only to be imported 
back to the tumor (the Cori cycle). The free fatty acids that are also imported in tumor 
cells can be converted to prostaglandins or products of the lipoxygenase pathways 
that may serve as cofactors in the regulation of gene expression. Fatty acids can also 
function as stimulants for tumor growth by possibly providing anti-apoptotic activity to 
dividing cells. 

Given that skeletal muscle is the most abundant tissue in the human body, it is under- 
standable why that such a tissue would be used as a major fuel source for the benefit of 
a growing tumor. A minor fraction of this energy is provided by glucose, whereas the 
majority derives from amino acids resulting from the breakdown of myofibrillar pro- 
teins and from free pools that are not used owing to an inhibition in protein synthesis 
( 14 ). Of the amino acids transported from skeletal muscle, approx 50% are represented 
by glutamine and alanine ( 15 ). Tumor cells use glutamine as a source of nitrogen for the 
synthesis of purine and pyrimidine bases, whereas it is thought that alanine is used as a 
vehicle of nitrogen transport. Other amino acids are recycled via the liver and converted 
to glucose, which essentially insures the continuing supply of energy to the tumor at the 
expense of the host. 

3. MECHANISMS OF MUSCLE WASTING 

Several mechanisms have been proposed to account for cancer induced muscle wast- 
ing. Wasting may first result from a reduced rate of protein synthesis, either from dietary 
restriction, or from the lack of available amino acid precursors that have been competed 
for from tumor cells ( 3 , 16 ). The inhibition of protein synthesis may also result from a 
reduction of total RNA content. In one study, tumor induced muscle wasting in mice 
correlated with a 30% reduction in protein synthesis that was associated with a 20% 
decline in total RNA content ( 17 ). However, whether RNA downregulation occurs by a 
transcriptional or post-transcriptional mechanism has yet to be fully defined. 
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Muscle catabolism may also result from the activation of several proteolytic pathways 
( 14 , 16 ). One is the lysosomal system, whereby endocytosed plasma proteins or mem- 
brane receptors undergo degradation by acid-activated cathepsin proteases B, H, and D. 
These enzymes may also be responsible for the degradation of cytosolic proteins that 
become taken up by autophagic vacuoles that are subsequently fused to lysosomes ( 18 ). 
Although cathepsins have been shown to contribute to muscle breakdown, it remains 
argumentative whether these enzyme are truly involved in the breakdown of myofibrillar 
proteins, and little evidence exist to support their role in muscle wasting associated with 
cancer cachexia ( 19 ). The second of these pathways functions in the cytosol and is 
referred to as the calcium-dependent calpain proteolytic system ( 20 ). Calpains are cal- 
cium activated cysteine proteases which exist as m-calpain, p-calpain, and the muscle 
specific form p94. The activity of these proteases is regulated by the inhibitor calpastatin 
( 21 ). Although a link between this pathway and muscle wasting has not formally been 
established, the regulation of p94 has been described in an experimental animal cancer 
cachexia model, and at least in sepsis-induced wasting, calpain activity was associated 
with the release of myofibrillar filaments from the sarcomere ( 22 ). 

The third, and by far the best studied of these proteolytic systems, is the cytosolic, 
ATP-dependent ubiquitin proteasome pathway ( 3 ). This system is thought to play a 
prominent role not only in cancer cachexia, but has also been implicated in muscle wast- 
ing associated in sepsis, weightlessness, starvation, and denervation atrophy ( 16 ). In this 
pathway, proteins are marked for degradation through the covalent binding of ubiquitin, 
a small heat-stable polypeptide. Conjugation of ubiquitin is regulated by ubiquitin El- 
activating, E-2 carrier, and E-3 ligase enzymes, which regulate the polyubiquination of 
proteins marked for degradation ( 23 ). Targeted degradation is regulated by the protea- 
some, a multimeric complex consisting of the central 20S catalytic core and the 19S 
terminal regulatory domains. Proteins entering the proteasome are cleaved by a cyclical 
“bite-chew” mechanism of proteolysis. These cleavage “bites” are regulated by the chy- 
motrypsin-like activity of the 20S core, which is proceeded by the “chew” of a caspase 
like activity ( 24 ). The major targets of degradation in muscle are thought to be the 
myofibrillar proteins. The four core myofibrillar proteins including, myosin heavy 
chain, actin, tropomyosin, and troponin, constitute the sarcomere or the basic contrac- 
tile unit of skeletal muscle ( 25 ). Multiple adjoining sarcomeres form myofibrils which 
multimerizes to fill a skeletal muscle fiber. Myosin heavy chain alone consists of 40% 
of myofibrillar proteins. Elegant in vitro studies were performed to demonstrate that 
each of core myofibrillar proteins served as substrates for ATP dependent proteasome 
degradation ( 26 ). However, it was also shown that pre-assembled myofibrils were resist- 
ant to this degradative activity, suggesting that disassembly of the sarcomere is the rate- 
limiting step of ATP-dependent proteolysis. More recent work showed that release of 
the myofibril and their subsequent disassociation is a calcium-calpain-dependent 
process ( 22 ). Isolated muscles from tumor-bearing animals have been shown to undergo 
proteolysis in an ATP-dependent fashion, which could be blocked by proteasome 
inhibitors ( 27 ). Similar levels of proteolysis were not blocked by lysosomal or calcium 
inhibitors ( 16 ). Eurthermore, muscles from tumor-bearing animals showed an increased 
mRNA expression for ubiquitin and several subunits of the proteosome, whereas the 
overall RNA content in cachectic muscles decreased by approx 30% ( 28 ). Taken 
together, these studies indicate that tumor regulated muscle wasting is largely dependent 
on the activity of the ubiquitin-proteosome pathway, but most likely also involves 
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calcium dependent proteolysis and mechanisms regulating the inhihition of protein syn- 
thesis either at the transcriptional or post-transcriptional level. 

4. CYTOKINES AS MEDIATORS OF CANCER CACHEXIA 

Much of the past two decades of cancer cachexia research have been devoted to iden- 
tifying the mediators of wasting, with the hope that this would lead us to novel and effec- 
tive therapies for end-stage disease patients. To date however, this search continues and 
whether one or more cachectic factors are sufficient to initiate and sustain the wasting 
condition in human malignancies remains a point of controversy. Nevertheless, active 
research in this field has yielded the identification of several key mediators of cachexia 
that fall into two groups. The first are synthesized and secreted specifically from tumor 
cells, such as lipid mobilizing factor, that targets adipose tissue and degrades fatty acids, 
and proteolysis inducing factor (PIF) that induces protein degradation in skeletal muscle 
via the ubiquitin proteasome pathway (2,3). The second are pro-inflammatory cytokines, 
including TNFa, IL-1[3, IL-6, and IFNy, which are secreted from the tumor or more clas- 
sically synthesized from immune cells in response to the tumor (1). In contrast to tumor- 
specific cachectic factors, the pro-inflammatory cytokines appear to contribute to cancer 
cachexia at multiple nodes. For the purpose of this chapter, focus will be placed on the 
regulation of cancer cachexia by pro-inflammatory cytokine TNF-a (previously desig- 
nated cachectin, but here on referred to only as TNF). 

5. TNF PRODUCTION IN CANCER 

Macrophages are the predominant producers of TNF, but this cytokine is also 
expressed from a range of biologically diverse cell types including monocytes, fibrob- 
lasts, keratinocytes, adipocytes, skeletal myoblasts, and other cells that individually or 
in combination have been thought to influence the development of an oncogenic state 
(29-32). Secretion of TNF from the epithelial, stromal, or immune cell compartments 
may also function in autocrine and paracrine fashions. In the miroenvironment of tumor 
cell progression, TNF is thought to contribute to the growth and survival of these cells 
(32). This may occur through the activation of growth stimulatory signaling pathways 
such as MAP kinase (33), or can involve the PI3K/Akt survival pathway (34) shown to 
function through the NF-kB transcription factor to regulate anti-apoptotic gene expres- 
sion (30,35). In addition, TNF can stimulate the secretion of chemokines that function 
in the recruitment of infiltrating immune cells (36), as well as the expression of metal- 
loproteinases that function in the remodeling of the surrounding cellular matrix (37). At 
appropriate concentrations, TNF may also promote the expression of angiogenic factors 
that facilitate the transport of nutrients to the tumor milieu (38). The chronic expression 
of TNF from tumor and surrounding cell types allow systemic levels of TNF to rise and 
promote its pro-cachectic effects on distant tissues. The wasting of these tissues provide 
the needed nutrients to favor tumor progression. The mechanisms by which TNF 
induces wasting on adipose and skeletal muscle are described in Sections 5.1. and 5.2. 

5.1. TNF Regulation of Adipocyte Metabolism 

Adipose tissue represents one of the largest energy storage sites in the body. Similar to 
muscle, adipose homeostasis is thus largely dependent on the sustained balance between 
energy intake and energy expenditure (31). Intake is regulated by the import of free fatty 




290 



Part III / Cytokines and Tumor Stroma/Metastasis 



acids from the circulation to adipose cells, and their subsequent conversion to triglycerides; 
a process referred to as lipogenesis. Expenditure, or lipolysis, breaks down triglycerides to 
glycerol and free fatty acids, which are secreted into the circulation to be used as energy 
sources for other tissues or reabsorbed into fat cells. In cachexia, the rate of energy expen- 
diture vastly exceeds the rate of energy intake thus creating the wasting state (1). 

TNF has been shown to regulate adipose homeostasis at multiple nodes, which most 
likely explains why this cytokine is considered to be a leading mediator of hyperlipi- 
demia and fat wasting in cancer cachexia (Fig. 2). Both in vitro and in vivo studies show 
that TNF inhibits fatty-acid uptake by suppressing the synthesis of lipoprotein lipase, 
which facilitate the import process (39^1). TNF has also been found to decrease the 
expression of FATP and FAT proteins that also function in the transport of free fatty 
acids into adipose cells (42). Another node of TNF action is its ability to prevent lipo- 
genesis. Studies show that TNF down regulates the expression of key enzymes such as 
acetyl-CoA carboxylase (43) and fatty acid synthase (44) that function in the synthesis 
of triglycerides. Yet a third node of TNF action is its ability to stimulate lipolysis or 
breakdown of adipose tissue. Though in vitro and in vivo studies clearly support the role 
of TNF in degenerative process (45,46), the molecular mechanisms underlying this reg- 
ulation remains undefined. To date, there is little evidence to support that lipolysis is 
mediated through the induced expression of lipolytic genes responsive to TNF. In con- 
trast, studies performed in fat cell cultures or in predifferentiated adipocyte cell lines 
show that TNF-mediated degeneration of fat correlates with the pronounced reduction 
of transcription factors such as PPARyand C/EBPa (47,50), whose functions are known 
to be essential for the maintenance of fat (51,52). Such results infer that TNF-induced 
lipolysis results from the inhibition of mature adipose genes as a direct consequence of 
the reduction of their upstream regulators, PPARy and C/EBPa. Indeed, treatment of 
cells with activators of PPARy, such as thiazolinediones and 15dPGJ2, was demon- 
strated to block TNF-induced lipolysis (53,54). How these drugs function in this capac- 
ity is not yet established, but it is likely to relate to the inhibition of TNF action rather 
than a direct increase in PPARy activity, given that the addition of such compounds were 
shown to block the IkB kinase complex (55) recognized as an essential component of 
the TNF signaling pathway (see TNF Signaling Section 5.3.). 

Although not as well studied, TNF-mediated lipolysis may also be related to the 
inability of pre-adipocytes to undergo differentiation in response to an injury signal. 
Studies, mainly using 3T3-F1 pre-adipocyte cultures, have shown that TNF is an 
extremely potent inhibitor of adipocyte differentiation (31,45). Adipogenesis is regulated 
by a group of temporally expressed transcription factors that function in orchestrating the 
growth arrest, survival, and expression of fat specific genes required for differentiation 
(52,56). To date, TNF has been shown to have its greatest effects on the downregulation 
of PPARy and C/EBPa that not only sustain fat as mentioned above, but also known to 
be essential in the fat differentiation (57,58). The induction of these transcription factors 
occurs relatively late in the differentiation program under the control of earlier expressed 
transcription factors, C/EBP(3, C/EBP6, and SREBPlc/ADDl (59,60). Interestingly, reg- 
ulation of these early expressed transcription factors has not been observed to be signif- 
icantly affected by TNF treatment. This suggests that PPARy and C/EBPa are direct 
targets of TNF action. However, because C/EBPa has been shown to regulate PPARy 
expression (61), it is possible that the downregulation of PPARy by TNF is mediated 
through the inhibition of C/EBPa. Currently, the mechanism by which TNF suppresses 
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Fig. 2. TNF uses various mechanisms to induce adipose and skeletal muscle wasting. In adipose tis- 
sue, TNF modulates adipogenesis and feeding response while inducing lipolysis and insulin resist- 
ance. In skeletal muscle, TNF inhibits muscle differentiation or myogenesis, and alone or in the 
presence of other cytokines such as IFN-y induces the breakdown of mature muscle by inhibiting the 
expression of muscle specific gene products. 



C/EBPa transcription is not well defined, and it would be interesting to study how the 
levels of this transcription factor is potentially affected in mice lacking TNF expression. 

Another node by which TNF is involved in cancer cachexia is how it effects feeding. 
Anorexia, or the loss of appetite, is a classic feature of cachexia, but as mentioned above 
is not a process in cachexia that is easily reversible by nutritional supplementation ( 3 ). 
TNF is thought to directly impinge on feeding by controlling the expression of leptin. This 
hormone is expressed by fat cells and functions to reduce feeding response by acting 
through its receptor expressed in neurons of the hypothalamus ( 62 ). Leptin knockout mice 
display an obese phenotype supporting the function of this hormone in feeding response. 
Leptin is also thought to function by suppressing the synthesis of a major anabolic effec- 
tor in the hypothalamus, namely neuropeptide Y ( 63 ). Several groups have observed that 
TNF can increase the production of leptin from fat cells ( 64 , 65 ), which has led to the 
hypothesis that elevated levels of TNF in the circulation can promote an anorexic state by 
increasing leptin and concomitantly reducing levels of neuropeptide Y ( 62 ). 

Yet another node of TNF action relevant to adipocyte homeostasis and cancer 
cachexia is the involvement of this cytokine in the regulation of insulin resistance ( 66 ). 
Here again studies support that TNF is capable of regulating this cellular process by 
multiple mechanisms that either individually or in combination result in the modulation 
of the insulin receptor and its signaling pathway. One of these mechanisms involves the 
reduction of GLUT4 expression, a protein that functions in glucose transport. A study 
performed using predifferentiated apidocyte cultures has shown that TNF-induced loss 
of GLUT4 expression occurs at the transcriptional level ( 67 ), but the factors responsi- 
ble for this transcriptional repression have not yet been identified. TNF may also act 
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directly on the insulin receptor-signaling pathway. This can occur through the phospho- 
rylation of the receptor substrate protein, IRS-1 (68). Post-translational modification of 
this protein inhibits the interaction of the insulin receptor with its binding partner, phos- 
photidylinositol (PI) 3-kinase, which entails leads to the loss of Akt/PDK activity (69). 
To date, the kinases involved in regulating the phosphorylation of IRS proteins are 
unknown, but some studies support the role of PKC and its various isoforms, such as 
PKCe, which were demonstrated to enhance TNF-mediated inhibition of insulin receptor 
signaling (70). There is also data suggesting that TNF can modulate insulin receptor 
signaling by causing the downregulated expression of the receptor itself or the IRS 
associated proteins (71). 

5.2. TNF Regulation of Muscle Wasting 

Although the role of TNF in muscle wasting is less established than that compared 
to adipocyte metabolism, there is nevertheless a substantial body of evidence to suggest 
that TNF is an important contributing factor of muscle wasting in cancer (Fig. 2). Early 
studies showed that chronic administration of recombinant TNF caused a reduction in 
muscle mass, which corresponded to a decrease in myofibrillar gene expression (72). 
Similar results were obtained in animals administered TNF producing tumor cells (73). 
The decline in muscle mass was shown to be specific to TNF because body weight 
could be sustained in mice lacking the TNF receptor (74). 

Mechanistically, TNF is thought to induce muscle wasting by activating the ubiqui- 
tin/proteasome pathway. This activation is mediated at the RNA level of various genes 
of the ubtiquitin ligase and proteasome system. Administration of TNF in animals has 
been shown to induce the expression of ubiquitin, as well as genes coding for various 
subunits of the 19S proteasome complex (75). Similar results with respect to ubiquitin 
expression were obtained in cancer cachexia models (76,77) whose activity was shown 
to be associated with TNF (78). Validation that TNF regulates ubiquitin gene expression 
in vivo was demonstrated with using anti-TNF treatment (79) and by using mice deleted 
for the TNF receptor (74). Recently, a more direct role for TNF regulation of the ubiq- 
uitin/proteasome pathway was demonstrated. In both cultured myotubes and mouse 
muscles, investigators showed that TNF treatment caused the induction of the E2 ubiq- 
uitin ligase, UbcH2/E2(20k) (80). TNE regulation of UbcH2 was shown to occur at the 
RNA level. Eurthermore, these same investigators showed that TNE was capable of 
inducing the polyubiquitination of whole muscle protein. Which muscle proteins are 
targeted for degradation by the ubiquitin/proteasome pathway in a TNE dependent man- 
ner has not been established. Owing to their abundance and functional relevance in mus- 
cle architecture, it has been largely presumed that such targets are the myofibrillar 
proteins, myosin heavy chain, actin, troponin and tropomyosin. Data showing that 
chronic administration of TNE in animals decreased myosin heavy chain expression 
(72), supporting the notion that TNE-dependent polyubiquitination of myosin heavy 
chain is possible, additional in vivo evidence is clearly required to validate these results. 

An additional mechanism by which TNE may regulate muscle wasting is by modulat- 
ing the ability of myogenic precursor cells to undergo differentiation. Approximately 5% 
of adult skeletal musculature is composed of quiescent satellite cells. In response to 
injury, these cells are activated and enter cell cycle to undergo several rounds of DNA 
division. It is believed that a set number of daughter cells re-enter a quiescent state while 
others are programmed to differentiate and replace myotubes lost during injury (81). 
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Using cultured myoblasts, several groups of investigators have demonstrated that TNF 
functions as a potent inhibitor of myogenesis, and various mechanisms have been pro- 
posed to account for such an activity (82-84). One mechanism by which TNF blocks dif- 
ferentiation is by functioning as a mitogen. Myoblasts treated with TNF possessed a 
higher rate of proliferation compared to control cells, and were therefore unable to prop- 
erly exit from cell cycle in response to differentiation conditions. TNF induced suppres- 
sion of cell cycle withdrawal correlated with sustained levels of cyclin D1 (85). TNF has 
also been shown to inhibit differentiation by suppressing the synthesis of the myogenic 
transcription factor, MyoD (82). Proliferating myoblasts express MyoD in an inactive 
form. The switch to differentiation causes the activation of MyoD which leads to the 
induction of numerous genes important in the regulation of cell cycle arrest, fusion, and 
contractile function (86,87). Estimates from recent microarray data suggest that MyoD 
directly regulates 1% of genes involved in skeletal myogenesis (88). TNF was shown to 
downregulate MyoD at the RNA level, and this regulation was further demonstrated to 
be dependent on the NF-kB transcriptional factor (82) (see section on NF-kB below). 
Furthermore, TNF-mediated inhibition of differentiation was shown to be specific to 
MyoD because overexpression of this bHLH transcription factor rescued the TNF 
phenotype. Yet a third manner in which TNF prevents differentiation is through the acti- 
vation of the PWl protein (89), which was shown to positively regulate the pro-apoptotic 
activity of predifferentiated myoblasts. Possibly in this mechanism, inhibition of differ- 
entiation occurs by a TNF-induced stress response controlled by the PWl protein. 
Interestingly, the ability of TNF to suppress differentiation was abrogated in cells that 
lacked the pro-apoptotic gene, Bax. Furthermore, PWl inhibition of differentiation in 
response to TNF was independent of NF-kB activation or the loss of MyoD. Collectively, 
these data demonstrate that TNF is capable of negatively regulating myogenesis by 
diverse mechanisms. However, whether this regulation of myogenesis is relevant in 
response to injury has recently come under question. Using a standard muscle injury 
model, investigators showed that rates of muscle regeneration were unaltered in TNF 
knockout mice (90). If TNF indeed functioned as a negative regulator of differentiation, 
one would have predicted that the rate of regeneration would have increased in mice 
lacking this cytokine. Such data argue against a role for TNF in differentiation in 
response to injury. However, it is possible that inhibition of myogenic differentiation by 
TNF may manifest itself only in injury conditions associated with chronic inflammation, 
and not in a physiologic condition as currently tested. Under such an inflammatory con- 
dition, one may envision that persistent TNF production in the local environment of mus- 
cle cells would compromise the differentiation of newly formed myoblasts. It is also 
possible that TNF regulation of myogenesis occurs in embryogenesis or in early postna- 
tal maturation of skeletal muscle. Similar regulation has been observed with the protein 
myostatin, which is known to induce severe muscle wasting, and whose expression has 
also been detected in early developing muscle cells (91). 

5.3. The TNF Signaling Pathway 

To better understand the mechanisms by which TNF functions in adipose and skeletal 
muscle, it is important to understand the intracellular effectors that mediate the actions of 
this cytokine. Insight into the identification and biology of these effectors may lead to the 
development of drug targets for cancer cachexia. TNF is synthesized as a 24-kDa trans- 
membrane protein, it is proteolyzed by the TACE protein to yield a soluble form of 17 kDa 
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(29). Intriguingly, both membrane and soluble forms are capable of regulating biologic 
response. TNF belongs to a family of cytokines whose immediate members include lym- 
photoxin, Fas ligand, receptor-activator of NF-kB ligand (RANKL), TNF-related apoptosis- 
inducing ligand (TRAIL), and CD40 (92). Each of these cytokines function as homotrimers 
that recognize selective receptors to elicit diverse biologic responses (Fig. 3). TNF trimer- 
ization consists of 157 amino acids recognized by two distinct cell surface receptors, TNF- 
R1 and TNF-R2 (93). These receptors differ in their cell type expression and association 
with intracellular signaling factors. In most cells, TNF action is mediated through its inter- 
action with the TNF-Rl. Binding of TNF to its receptor causes receptor trimerization that 
recruit adapter proteins to initiate the signaling pathway (30,93). The TNF receptor-asso- 
ciated death domain (TRADD) protein is the first to be associated with TNF-RI, which 
functions to recruit additional adapter proteins, Fas-associated death domain (FADD), 
TNF receptor-associated factor-2 (TRAF2), and receptor-interacting protein (RIP). These 
proteins themselves recruit other factors that specify distinct branches in the TNF signal- 
ing pathway. For instance, FADD recruitment of caspase-8 to the TNF-Rl leads to the 
activation of the caspase cascade resulting in cellular apoptosis. TRAF-2 binding to 
TRADD recruits anti-apoptotic factors, c-IAPl and C-IAP2 that function to modulate cas- 
pase activity, but also serve to activate the NF-kB transcription factor. Recently, the c- 
IAP2 protein was shown to function as an E3 ligase that is capable of polyubiquitination 
of the gamma or NEMO subunit of the IkB kinase complex (IKK), that itself directly acti- 
vates NE-kB (94). TRAE-2 also associates with mitogen-activated protein kinases 
(MAPK) triggering a cascade of MAPK activities resulting in the activation of p38 and 
JNK, the latter of which causes the phosphorylation of c-Jun in the AP-1 transcription 
complex (30). Whereas NE-kB activation is only mildly affected in TRAE-2 deficient 
fibroblasts, JNK activation is completely abolished in these cells in response to TNE (95). 
This suggests that other TNE-Rl adapter proteins are necessary for the activation of NE- 
kB. Indeed, one of these factors was identified to be the RIP protein, whose expression in 
cells was shown to be essential for TNE-mediated NE-kB activation (96). Interestingly, 
although RIP contains a serine/threonine kinase domain, this activity is dispensable for 
NE-kB activation. 

6. THE ROLE OF NF-kB IN CANCER CACHEXIA 

Although TNF activation of JNK and p38 are likely to contribute in some aspect to can- 
cer cachexia, most of TNF activity relevant to wasting appears to signal through NF-kB. 
The NF-kB transcription factor belongs to the Rel family of proteins that in mammalian 
cells consist of RelA (p65), c-Rel, RelB, p50 (derived from pl05 precursor), and p52 
(from the pi 00 precursor) (35,97,98). Each of these proteins contain the Rel homology 
domain which specifies DNA binding, protein-protein interaction, and a nuclear localiza- 
tion sequence. In contrast to p50 and p52 subunits, RelA (p65), c-Rel, and RelB proteins 
contain transactivation domains in their carboxy- terminus. NF-kB activity is maintained 
as protein dimers, and although in vitro each of the subunits is capable of forming homo 
or heterodimers, in most cells NF-kB consists of a p50/p65 complex. NF-kB predomi- 
nantly resides in the cytoplasmic compartment of cells, maintained as an inactive complex 
bound to its inhibitor protein IkB. These proteins function as inhibitors by masking the 
nuclear localization sequence within the Rel domain of NF-kB family members. Nuclear 
translocation, and thus activation of NF-kB, occurs through the degradation of IkB 
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Fig. 3. TNF binding to its receptor induces the recruitment of TRADD (TNF receptor associated death domain), which leads to FADD (Fas associated death 
domain) binding and subsequent caspase 8 activation. Alternatively, RIP binding to TRADD recruits TRAF2, which activates INK or NF-kB. 
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proteins, which as eluded to above is regulated hy the IkB kinase (IKK) complex (99). The 
activation of NF-kB occurs via IKK phosphorylation of IkB inhibitor proteins on two ser- 
ine residues, causing polyubiquitination on neighboring lysine residues. These ordered 
post-translational modifications lead to IkB proteolysis by the 26S proteasome. Once in 
the nucleus NF-kB binds to its canonical DNA binding site and interacts with transcrip- 
tional co-activators to regulate gene expression (100). 

Recently, microarray analysis was performed using TNF treated predifferentiated 
adipocytes ( 101 ). Most significant was that of the 142 genes found induced by TNF and 
of the 78 genes repressed by this cytokine, nearly every one was observed to depend on 
the activity of NF-kB. This data is consistent with a previously microarray study per- 
formed with TNF treated wild type or p65 null fibroblasts (102). These works estab- 
lished for the first time the relevance of NF-kB activity in TNF signaling, and for 
adipose metabolism and its implication in cachexia, it provided strong evidence that this 
transcription factor was most likely to mediate many of the effects previously reported 
by TNF in vitro and in vivo. 

Although similar microarray analyses have not been performed in TNF treated skele- 
tal muscle, several groups have nevertheless demonstrated that TNFa inhibition of myo- 
genesis is indeed mediated through the activity of NF-kB. The most plausible mechanism 
currently proposed is that this regulation occurs through the repressed synthesis of 
MyoD (82). NF-kB inhibition of MyoD was shown to occur via the p65 subunit. 
Specifically, activation of p65 caused the destabilization of the MyoD mature mRNA. 
In addition, it was shown that this regulation required the transactivation function of the 
p65 subunit, and that p65 could not directly downregulate the MyoD transcript. Based 
on these results, the authors predicted that activation of p65 by TNF caused the induc- 
tion of an unknown gene with possible RNase activity to cause the destabilization of 
MyoD transcripts. Loss of MyoD was shown to be sufficient for TNF mediated inhibi- 
tion of differentiation. TNF has also been shown to modulate myogenesis by stabilizing 
cyclin D1 expression under differentiation conditions (85). Cyclin D1 is itself a 
known negative regulator of skeletal muscle differentiation (103). Because cyclin 
D1 was shown to be a transcriptional target of NF-kB (85,104), it is likely that the acti- 
vation of NF-kB by TNF is responsible for maintaining cyclin D1 expression in 
C2C12 myoblasts. 

NF-kB may also contribute as a negative regulator of myogenesis through the synthe- 
sis of its own activator, TNF. The TNF gene contains NF-kB binding sites in its promoter 
and has been shown in several cell types to be regulated by NF-kB (105-107). It is there- 
fore possible that a positive feedback loop exists between TNF and NF-kB that may be 
relevant in the regulation of a cachectic state. Studies using cultured myotubes have 
clearly demonstrated that TNF-induced muscle damage requires the activity of NF-kB 
(82,108). It was further demonstrated that activation of NF-kB in response to TNF is 
mediated through the production of reactive oxygen species (109). Interestingly, investi- 
gators have demonstrated that chronic administration of TNF in nude mice led to muscle 
wasting that was reversible with antioxidant treatments (73). Although NF-kB activity 
was not explored in this model, others have reported that inhibition of NF-kB activity in 
tumor cells could reduce the incidence of muscle cachexia (110). In vivo, NF-kB activity 
has been shown to be elevated in skeletal muscles subjected to various forms of injury 
including ischemia/reperfusion (111), disuse (112), and mechanical stress of normal as 




Chapter 16 / The Biology of Cancer Cachexia and the Role ofTNF-a 



297 



well as dystrophin deficient muscles (113). There is also evidence that absence of NF-kB 
activity in muscle fibers, owing to a defect in calpain 3 signaling, may contribute to patho- 
physiologic state of limb girdle muscular dystrophy (114). Collectively, these data are 
highly consistent with the notion that NF-kB functions in cancer-induced muscle wasting. 

7. CYTOKINES IN CANCER CACHEXIA 

Whether TNF alone is sufficient to induce the cachetic phenotype in cancer remains in 
question. Certainly with relevance to adipose tissue, both in vitro and in vivo studies sup- 
port the role of TNF in fat wasting. In regards to muscle wasting however, the conse- 
quence of chronic TNF signaling is less clear (115). Although administration of TNF in 
animals leads to a reduction in muscle mass (72,116), other investigators were unable to 
demonstrate any depletion in muscle protein when cultured muscle explants were treated 
with the cytokine (117). TNF treatment of cultured myotubes was also seen to have little 
effect on the regulation of myosin heavy chain, a myofibrillar protein considered a stan- 
dard marker of muscle wasting (82,118). In contrast, other investigators using similar 
myotube cultures have reposted reductions of myosin levels by TNF (108). Why such an 
apparent discrepancy exist is not yet clear, but it suggests that other pro-cachectic factors 
may function in addition to, or in combination with, TNF to regulate muscle wasting. Like 
TNF, chronic injection of IL-1 in animals was also shown to cause a redistribution of body 
proteins (72). IL-6 has also been strongly implicated in regulating the cachectic phenotype 
in cancer (119). This cytokine is known to regulate the expression of hepatic acute phase 
proteins, which themselves are considered cachectic factors of skeletal muscle. A clear 
role for IL-6 in cachexia was demonstrated using a tumor model of cachexia in IL-6 
knockout mice. In this study, investigators reported a marked attenuation in wasting in 
these animals as compared to tumor bearing mice deleted in TNF, IL-1, or IFN-y genes 
(120). However, because inhibition of wasting was measured in body weight rather than 
in lean mass, it is difficult to interpret the essentialness of IL-6 for muscle wasting in this 
tumor model. In addition to these factors, tumors expressing IFN-y (121) ox LIF ( 122 ) also 
indicate a role of these cytokines in wasting. However, whether these cytokines alone are 
sufficient to induce both fat and skeletal muscle breakdown remains enigmatic. Evidence 
of cytokine synergism was demonstrated on cultured myotubes and intact muscles treated 
with TNF and IFN-y The addition of these factors at physiologic concentrations 

caused the pronounced reduction of myosin heavy chain as well as MyoD (Fig. 2), but not 
other myofibrillar proteins, a-actin, troponin, or tropomyosin (123). In contrast, combi- 
natorial treatments of TNF with either IL-1 or IL-6 had relatively little effect on myosin 
levels, which suggested that muscle breakdown is highly dependent on which combina- 
tions of cytokines are present in the muscle microenvironment. Importantly, the regulation 
of myosin by TNF plus IFN-y required NF-kB activity. Thus, NF-kB appears to play sev- 
eral roles in muscle decay. On one hand its activation by TNF in myoblasts is sufficient to 
suppress MyoD expression to inhibit the maturation of these cells. On the other hand, its 
activation by TNF and IFN-y promotes myofibrillar protein loss. Recently, it was discov- 
ered that TNF treatment in myotubes was sufficient to sustain NF-kB activity (118). This 
implies that NF-kB is required but not sufficient to mediate the cachectic effects of TNF 
and IFN-y. This cooperative factor of NF-kB has yet to be elucidated, but it is likely to 
involve STAT proteins which are known to be tightly regulated by IFN-y. 




298 



Part III / Cytokines and Tumor Stroma/Metastasis 



8. SUMMARY 

Since the discovery of TNF or cachectin in the early 1980’s, much has been learned 
regarding how this pleotropically acting cytokine participates in whole body wasting. 
Studies in culture as well as in animals have revealed the anti-adipogenic and antimyo- 
genic activities of TNF. It is believed that TNF alone has the ability to control fat metab- 
olism by effecting feeding, modulating adipogenesis, and promoting insulin resistance 
and lipolysis. For muscle, in vitro evidence suggest that TNF is sufficient to block 
muscle differentiation, but it is less clear whether other factors, possibly cytokines, are 
required in addition to TNF to stimulate muscle decay. Given these activities and its 
association in cancer, there is good reason to classify TNF as a leading mediator of 
cachexia and a genuine therapeutic target. Anti-TNF therapy has proved success in such 
chronic inflammatory disease states as Crohn disease and rheumatoid arthritis (123). 
The efficacy of two drugs in particular, infliximab and etanercept, have been validated 
in clinical trial studies for these types of diseases. Infliximab is an IgG chimeric 
mouse-human chimeric antibody against TNF, whereas etanercept is a fusion protein 
between the human TNF receptor and a human IgG. The elucidation of the TNF recep- 
tor signaling pathway, and the specific effectors that are thought to regulate the cachec- 
tic phenotype provide novel targets for cancer cachexia treatment. Compounds such as 
inhibitors to the IKK proteins are currently available (124,125), and their potential 
benefit in cachexia treatment, along with anti-TNF therapies, should be addressable in 
the near future. 
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1. INTRODUCTION AND HISTORY: THE PROMISE 
OF IL-2 AS A T-CELL GROWTH FACTOR 

IL-2 was originally isolated as a soluble factor with the property of enhancing 
T-lymphocyte proliferation in studies of the human immunodeficiency virus ( 1 ). The ear- 
liest studies of its activity in the cellular therapy of cancer used partially-purified 
IL-2 from the Jurkat human T-cell line. Subsequent studies used recombinant IL-2 pro- 
duced in E. coli, an unlimited source of this valuable cytokine that has been used more 
than any other immunologic agent for laboratory and clinical investigations of 
immunotherapy for malignant and nonmalignant disease. Proof of concept for the potent 
activity of IL-2-activated killer cells (termed lymphokine-activated killer, or LAK cells) 
against established malignancy in animal models was provided in the extensive series of 
reports from Rosenberg and the Surgery Branch of the National Cancer Institute begin- 
ning in the mid-1980s ( 2 ^). The earliest human studies used Jurkat-derived IL-2 and 
ex VI VO- activated autologous LAK cells derived from leukapheresis of patients with 
advanced cancer. These patients initially received intravenous IL-2 before mononuclear 
cell collections and then received additional IL-2 following the re-infusion of autologous 
lymphocytes that had undergone further exposure to IL-2 ex vivo for several days. The 
encouraging level of activity against renal cancer and melanoma, including a 5-7% rate 
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of durable complete remission, was particularly gratifying in light of the marked resist- 
ance of these two malignancies to chemotherapy and other biologic agents such as inter- 
feron. Subsequent clinical trials demonstrated that ex vivo exposure of patient cells to 
IL-2 was not necessary, as the in vivo exposure appeared to be associated with a compa- 
rable likelihood of antitumor response ("5). At the same time, the success of this approach 
at centers outside of the National Cancer Institute was confirmed with a series of studies 
by the Cytokine Working Group and other institutions (6-9). 

2. TOXICITIES OF IL-2 AND ATTEMPTS TO MITIGATE 
THEM WITH SELECTIVE AGENTS 

The animal models of IL-2 in the treatment of cancer suggested a close relationship 
between the amount of IL-2 exposure, the number of LAK cells re-infused, and the 
overall clinical benefit of this approach. Phase I clinical studies confirmed these DLTs 
and demonstrated the potential of IL-2 to cause severe, dose -related multi-organ toxic- 
ities with nearly all toxicities resolving completely within hours to days following the 
last exposure to IL-2. The common mechanism appeared to be a “capillary leak syn- 
drome” that allowed for the movement of plasma and activated lymphocytes into the 
interstitial spaces of nearly all organs examined. A common pattern of initial profound 
vasodilatation, resulting in hypotension, followed by fluid retention and evidence of 
“third-space” accumulation of the excess volume resulting from support of the intravas- 
cular volume using intravenous crystalloid was experienced by all patients. Individual 
toxicities that limited the cumulative exposure to IL-2 included hypotension with 
hypoperfusion of end-organs exacerbated by the use of vasopressors to support the arte- 
rial blood pressure, acidosis and renal insufficiency, pulmonary insufficiency, cardiac 
arrhythmias or myocarditis, dermatitis and occasional mucositis, and central nervous 
system dysfunction. After randomized and nonrandomized trials in patients with vari- 
ous malignancies suggested the equivalence of high-dose IL-2 alone and IL-2 plus LAK 
cells, the subsequent elimination of the ex vivo LAK cell component, increasing expe- 
rience with high-dose IL-2, and a trend to decreasing total IL-2 administration, resulted 
in an improved overall safety profile, particularly with regard to pulmonary, acid-base 
and hemodynamic toxicities (10). 

Although the vast majority of high-dose IL-2 toxicities are completely reversible, 
occasional patients in the early investigations developed evidence of myocardial damage 
manifested by myocardial dysfuntion, EKG changes, chemical evidence of myocarditis, 
and in the rare fatal cases, pathologic evidence of a lymphocytic myocardial infiltrate 
believed to be responsible for the damage (10-16). The incidence of this type of toxicity 
is now rare, presumably owing to continued use of rigorous screening to exclude patients 
at risk for cardiovascular complications, as well as the general trend to reduced IL-2 
exposure in recent series. The other irreversible toxicity, although nonlife-threatening, is 
the common development of thyroid dysfunction, usually hypothyroidism, in patients 
who survive for prolonged intervals following IL-2 therapy. The etiology of thyroid dys- 
function is presumed to be an autoimmune thyroiditis resulting from IL-2-mediated dys- 
regulation of a thyroid-reactive T-cell clone or some form of cross-reactivity between 
thyroid and tumor antigens stimulated by IL-2 (17-22). All of the other toxicities of 
IL-2, whereas challenging to patients undergoing therapy and the physicians who man- 
age them, are reversible within a few hours to several days and represent varying degrees 
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of sensitivity to capillary leakage or direct infiltration by IL-2-activated lymphocytes or 
the secondary effects of other cytokines induced by lymphocytes in response to IL-2. 
These include dermatitis, usually a diffuse, maculo-papular erythema resembling a drug 
eruption and sometimes intensely pruritic; GI toxicities ranging from nausea, emesis, 
diarrhea and occasional stomatitis to mild to moderate hepatobiliary dysfunction (vari- 
able enzyme and bilirubin elevation, synthetic dysfunction as well as hepatomegaly, 
sometimes tender); flu-like symptoms including the “first-dose” occurrence of chills and 
fever followed variably by fatigue, malaise, and occasional arthralgias and myalgias. 
Most patients experience some degree of alteration of mental status, ranging from mild 
confusion to the rare development of visual hallucinations, severe depression and delir- 
ium or combative behavior. Asymptomatic but occasionally dose-limiting hematologic 
alterations include lymphopenia, eosinophilia, anemia and thrombocytopenia sometimes 
requiring transfusion support, and a “rebound” lymphocytosis following discontinuation 
of IL-2 (reviewed in refs. 23 , 24 ). Paradoxical increases in the susceptibility to bacterial 
infection during and after IL-2 therapy result from a cytokine-induced neutrophil chemo- 
tactic dysfunction and the susceptibility of tissues lacking their usual barriers to infection 
such as the skin and gastrointestinal tract ( 25 , 26 ). 

3. CURRENT STATUS OF HIGH-DOSE IL-2 IN RENAL CANCER 

The original experience using high-dose IL-2 in patients with cancer was reviewed 
by Dr. Steven Rosenberg, who had pioneered this approach with colleagues at the 
National Cancer Institute, Surgery Branch ( 4 ). This pooled series of 652 patients con- 
tained 155 patients who received high-dose IL-2 alone, 214 with LAK cells, 66 with 
tumor-infiltrating lymphocytes cultured from patient tumors and reinfused with high- 
dose IL-2, and 128 with a- interferon. A smaller number of patients received IL-2 with 
chemotherapy or other cytokines. Two hundred seven patients in this series had renal 
cancer, and the response rate, which varied from 22 to 35%, appeared to favor the inclu- 
sion of LAK cells. However, subsequent randomized trials and sequential comparative 
trials in which patients were rigorously screened using the same eligibility criteria did 
not suggest a benefit for this component ( 5 , 27 ). The use of other cell types such as TIL 
(tumor-infiltrating lymphocytes [ 28 ]) and the use of other cytokines such as a-interferon 
( 29 - 34 ) added to the complexities and toxicities of the regimens without apparent ben- 
efit, so the regimen approved in 1992 by the FDA and used as the “gold standard” for 
achieving durable complete responses and long-term survivals in renal cancer is high- 
dose IL-2 alone. Subsequent series and pooled databases have demonstrated the repro- 
ducible level of activity and provided a basis for the design of regimens with reduced 
toxicity or improved therapeutic efficacy ( 35 , 36 ). 

A series of such studies was carried out by the Cytokine Working Croup (previously 
known as the Extramural NCI-LAK Working Group, based on an initial contract to 6 
cancer centers to reproduce the clinical results of Rosenberg and colleagues at the 
Surgery Branch ( 4 , 37 ). In summary, the Cytokine Working Group confirmed the activ- 
ity, including durable complete remissions in a small fraction of patients, of high-dose 
IL-2 in advanced renal cancer. This group also demonstrated the lack of benefit associ- 
ated with alternative schedules such as continuous intravenous infusion (less activity 
[ 38 ]) and the use of chemotherapy-containing combinations (more unfavorable thera- 
peutic index f597). Using novel methods to assess the impact of potential modulators of 
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IL-2 toxicity, this group also showed that inhibitors of tumor necrosis factor, inter- 
leukin- 1, lipid-mediators of inflammatory signal transduction, and cytokine-inducihle 
nitric oxide synthase did not provide significant toxicity reduction ( 40 - 45 ). 

The results of this group’s most recent study, a large Phase III randomized trial of 
inpatient high-dose IL-2 versus a popular, fairly well-tolerated outpatient combination 
of lower-dose IL-2 and a-interferon, have been analyzed and are the basis for several 
correlative analyses of pathology, immunologic and metabolic parameters in predicting 
the benefit of high-dose IL-2 ( 46 ^ 8 ). Overall, responses were more than twice as fre- 
quent in the group receiving high-dose inpatient IL-2 (23 vs 9%), but the primary end- 
points of overall and progression-free survival were not significantly impacted by the 
treatment arm. At the time of trial design, prestratifications were limited to performance 
status, sites of disease and presence of the primary renal cancer. At the conclusion of the 
study, the groups were analyzed by separating the patients in each treatment arm into 
additional categories based on more recently-identified factors. The unanticipated find- 
ing was that patients with the most unfavorable characteristics (primary tumor in place, 
hepatic and/or osseous metastases) benefited significantly from treatment with high- 
dose, inpatient IL-2, whereas those with the more favorable characteristics did equally 
well with either regimen. The outcomes from this study have also been analyzed with 
respect to new information regarding pathologic prognostic and predictive features for 
patients with advanced renal cancer undergoing IL-2-based therapy, and the results are 
currently undergoing validation testing in Phase III trials of IL-2-based therapy with 
other biologic agents. 

The need for high-dose IL-2, with its associated toxicides, expense, and the need for 
experienced physicians in specialized centers, has also been investigated in a novel Phase 
III trial design by Yang and colleagues at the NCI Surgery Branch. In the first part of this 
randomized trial, patients were assigned to receive high-dose IL-2 on the standard regi- 
men or 0. 1 of the standard dose, using the same schedule and route of administration. 
After initial analysis of the data suggested the lack of a significant benefit of high-dose 
IL-2 over the low-dose regimen ( 49 ), a third treatment arm was added, consisting of out- 
patient subcutaneous IL-2 using a regimen that had been reported in European multicen- 
ter studies to be effective and tolerable when self-administered. The final results of this 
trial, reported in 2003, confirmed that the response rate to high-dose IL-2 at the Surgery 
Branch was now predictably in the same range reported outside of the National Cancer 
Institute. Patients randomized to receive low-dose intravenous IL-2 or the outpatient sub- 
cutaneous regimen had a lower response rate, but their survival that did not differ signif- 
icantly from that of the patients assigned to high-dose therapy ( 50 ). Although the overall 
activity of high-dose IL-2 remains disappointing, the results of this trial also confirmed 
that durable complete remissions were achieved more frequently with high-dose therapy. 

In addition to the need for better identification of patients who will benefit from IL-2 
for advanced renal cancer, there is a desperate need for effective adjuvant therapy for 
patients with resected disease who are at a high risk of recurrence. The Cytokine Working 
Group recently reported the results of a small Phase III trial to assess the benefit of a sin- 
gle course (two 5-day cycles) of high-dose IL-2 for patients with renal cancer at risk of 
recurrence following nephrectomy. In view of the toxicities of high-dose IL-2, the trial 
was designed to detect a large benefit that would justify further manipulations of the reg- 
imen in larger, more definitive trials. Further, the endpoint of progression-free rather than 
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overall survival was chosen because of the high likelihood that patients would receive 
IL-2-based therapy at the time of relapse, thus potentially negating the survival impact 
of adjuvant IL-2. The results of this study, which accrued 44 primary nephrectomy 
patients and another 25 who were randomized following surgical excision of a single or 
limited number of metastases, did not demonstrate a benefit in progression-free interval 
for patients assigned to IL-2 ( 51 ). It is likely that with the emergence of new therapies 
for renal cancer, IL-2 will become a component of combination regimens containing 
agents with complementary mechanisms of antitumor activity and minimally overlap- 
ping toxicities. 

4. CURRENT STATUS OF HIGH-DOSE IE-2 IN MEEANOMA 

Like renal cancer, melanoma is a tumor with minimal responsiveness to chemother- 
apies or other cytokines that has been the focus of extensive study using IL-2-based 
approaches. Initial studies in melanoma were designed exactly like those used for renal 
cancer, which are summarized above. In the 1989 Rosenberg/NCI Surgery Branch 
review, 270 of the 652 pooled patients had advanced melanoma. The results of their 
treatment with high-dose IL-2 and LAK cells (66 patients), IL-2 alone (60 patients), or 
one of the other combinations (with a-interferon, tumor necrosis factor, antibody, 
cyclophosphamide or tumor-infiltrating lymphocytes) mirrored those of the patients 
with advanced renal cancer receiving IL-2 alone, again suggesting that there is a maxi- 
mum achievable response rate in the range of 20% (about 1/3 of which are durable com- 
plete responses) for IL-2 alone that is not enhanced by the addition of other agents ( 4 ). 

Investigators working in the field of IL-2-based immunotherapy of malignancy have 
taken advantage of important differences in the biology of renal cancer and melanoma. 
The two most important features of melanoma that lend themselves to the development 
of innovations in IL-2-based therapy include 1) the availability of chemotherapeutic 
agents with activity against melanoma that possess only partially overlapping toxicities 
with those of IL-2, and 2) the availability of well-characterized tumor antigens in 
melanoma that have been studied in combination with IL-2 and other immunostimula- 
tory agents in both the advanced disease and the adjuvant setting. Although many 
chemotherapy combinations with IL-2 with or without other cytokines (often called 
“biochemotherapy”) appeared promising when first reported, recent data from random- 
ized studies have nearly all shown disappointing results suggesting the lack of benefit for 
using complex multi-agent regimens containing one or more chemotherapies and IL-2 
with or without a-interferon (52). Although these results were not surprising, in view of 
the more empiric than rational design of the regimens used, there has continued to be a 
dedicated group of investigators who have applied cutting-edge principles from the 
explosive growth in cancer immunology to design regimens more likely to succeed in 
human advanced cancer. Examples of such immunotherapeutic strategies designed to 
“break tolerance” include the combination of high-dose IL-2 with melanoma- specific 
peptides ( 53 , 54 ) or the administration of high-dose, nonmyeloablative chemotherapy fol- 
lowed by the reinfusion of highly-selected T-cell “clones” with reactivity against known 
melanoma peptide antigens ( 55 ). The chemotherapy in this case was designed to reduce 
the number of regulatory T-cells that are believed to quench the activity of the cytolytic 
CDS cells with peptide-specific, HLA-restricted antitumor activity. Confirmatory trials 
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of this approach are ongoing, and further studies of the mechanisms of resistance and 
escape from immune control will he an important correlate of these investigations. 

5. IL-2-BASED THERAPY OF HEMATOEOGIC MAEIGNANCIES 

During the time that IL-2-hased therapies for solid tumors were under intense investiga- 
tion, the potential of IL-2 for the treatment of hematologic malignancies was also explored. 
In the case of leukemias and lymphomas, additional opportunities included the study of 
effector T-cells and NK cells in the marrow and stem cell compartment as well as the dif- 
ferentiation of hematopoietic precursor cells into dendritic cells, yielding a population of 
cells that could present its own antigens and he a target for immunotherapeutic eradication. 
Based on this extensive body of preclinical data, clinical trials were carried out at several 
centers to assess the feasibility of IL-2 with or without ex vivo IL-2-activated cells in the 
primary and adjunctive treatment of leukemia and lymphoma (56-69)', there was at that 
time also a renewed interest in the potential role of IL-2-activated hematopoietic cells as a 
component of regimens using high-dose chemotherapy with stem cell support for solid 
tumors (61,62). The latter approach has largely been abandoned owing to the lack of suffi- 
cient evidence for efficacy of the cytoreductive “conditioning” regimen against solid 
tumors, although other approaches to cellular immunotherapy for these diseases remain 
under active investigation. However, the results of ongoing or recently-completed random- 
ized controlled trials are eagerly awaited: the first was a Children’s Oncology Group trial 
assessing IL-2 consolidation for acute myelogenous leukemia in remission (63)', the second 
is a recently-completed Southwest Oncology Group trial assessing IL-2 following autolo- 
gous stem cell transplant for intermediate-grade B-cell non-Hodgkin lymphoma in second 
remission (J.A. Thompson/SWOG 9438, manuscript in preparation). IL-2 has also been 
evaluated for its ability to enhance antibody-dependent cellular cytotoxicity, specifically in 
combination with rituximab, a chimeric monoclonal antibody widely used in the treatment 
of indolent and aggressive B-cell lymphomas; a randomized trial of rituximab with or with- 
out IL-2 is expected to begin accrual in 2004 (D. Hurst, personal communication), and its 
potential for combination with other antibodies to produce additive or synergistic benefit 
will likely follow. 



6. IL-2 IN OTHER MALIGNANGIES 

The value of IL-2 or IL-2-containing combinations in other tumor types has been 
little-studied, because 1) most other tumors are more responsive to cytotoxic therapies 
than melanoma and renal cancer, 2) most of these cytotoxic therapies have predictable 
toxicities that are better tolerated by a higher fraction of patients than IL-2 in patients 
with these malignancies, and 3) there has been inadequate study of the potential impor- 
tant interactions between IL-2 and other agents like cytotoxic drugs, other cytokines, or 
other biologic molecules with potentially complementary mechanisms. It may well turn 
out that the most important activity of IL-2 is as an adjuvant to other types of 
immunotherapy. These may be antigen-specific (as with the rituximab combination as 
well as in combination with tumor-derived peptides that elicit an antigen-specific T-cell 
response). Alternatively, they may occur via stimulation of the “innate” branch of the 
immune system (i.e., natural killer cell-mediated cytotoxicity, which is governed by 
very different intercellular interactions than T-cell responses) and may be based on 
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IL-2 alone or in synergistic combinations with agents that possess different mecha- 
nisms, such as inhibitors of angiogenesis or cell signaling pathways. 

7. ALTERNATIVE IL-2 MOLECULES 

Many investigators and biotechnology corporations have endeavored to design a 
“better” IL-2, particularly because the disappointing results of several modulator trials 
were published (32-37). Efforts have included single amino acid substitutions resulting 
in preferential binding to the IL-2 receptor of T-cells over that of NK cells (64) ox chem- 
ical modification of IL-2 to produce a molecule with markedly prolonged half-life that 
enhances overall exposure while minimizing the episodes of high peak concentrations 
that might be associate more with toxicity than benefit (65,66). IL-2 has also been cova- 
lently linked to an antibody molecule that targets or traffics the IL-2 to the site where 
effector cells can be concentrated for both sensitization to tumor antigen as well as for 
optimal cytotoxic activity following activation by IL-2 (67). 

8. IL-2 AND OTHER BIOLOGIC AGENTS 

Except for the extensive experience with interferon combinations, primarily alpha 
but also gamma, the use of IE-2 in combination with other cytokines has been limited. 
With the interferons, the successful development of a combination based on agents with 
only partially-overlapping toxicities has not been realized. Eurthermore, the antitumor 
activity of such combinations has not been superior to that of either agent alone, and the 
only IE-2-containing combination that has achieved even moderate acceptance in the 
community setting is in the outpatient, subcutaneously-administered regimen detailed 
above. The role of other combinations, such as with IE-6, IE-10, IE-12, IE-15, IE-18, 
IE-21, and probably many others, remains to be further elucidated by carefully-designed 
protocols with a solid preclinical and clinical rationale, a proven record of safety and 
tolerability, and appropriate correlative laboratory studies. 

9. GONGLUSIONS 

In the nearly 2 decades since the discovery of IE-2, the expansion of its role in various 
approaches to the biologic therapy of malignant disease has taken several promising direc- 
tions. Although the original application of IE-2 in supraphysiologic doses continues to pro- 
vide remissions, sometimes durable, in a small fraction of patients with advanced renal 
cancer and melanoma, its mechanisms of action remain speculative, ranging from antigen- 
driven T-cell-based effects to nonspecific activation of NK cells against tumor. IE-2 contin- 
ues to be an essential element of more precisely defined strategies such as vaccines that 
involve dendritic cells and other methods of optimized antigen presentation to induce 
cytolytic T-cell responses in an antigen-specific, HEA-restricted fashion. Promising com- 
binations of IE-2 with other cytokines, chemotherapeutic agents, angiogenesis inhibitors 
and small molecules with defined molecular targets are likely to find a niche in the near 
future. More innovative approaches such as bispecific IE-2-containing molecules that retar- 
get etfector lymphocytes and derivative molecules that provide enhanced activity and/or 
reduced toxicity are also in development. Experience with the design of translational stud- 
ies of IE-2 over the past 20 years has provided the framework for the study of other 
immunotherapies, which will continue to evolve as the field expands into the 21st century. 
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1. INTRODUCTION 

Although the ability of IL-2 to induce sustained tumor regression in patients with 
renal cell cancer and melanoma established a clinical role for cytokine therapy in fight- 
ing cancer, the severe toxicity seen in early trials limited its application to a select group 
of patients (l).ln 1989 cytotoxic lymphocyte maturation factor, later termed IL-12, was 
discovered (2). IL-12 plays a central role in interferon gamma (IFN-y) production and 
the development of a Thl type immune response, thereby playing a role in both innate 
and adaptive immunity. In mouse models, IL-12 can inhibit tumor growth and metasta- 
sis. Early clinical trials of rhIL-12 in melanoma and renal cell cancer were complicated 
by severe toxicity and attenuation of the immune response over time. Revised dosing 
schedules, alternate routes of administration, and the use of combination cytokine ther- 
apy have led to improved tolerability and more sustained immune activation, but have 
resulted in only modest clinical activity. Current clinical trials continue to explore new 
ways to augment the antitumor activity of IL-12 in lymphoma and other potentially 
responsive malignancies. 



2. BIOLOGY OF IL-12 
2.1. A Heterodimeric Cytokine 

The IL-12 family of cytokines, which includes IL-12, IL-23 and IL-27, have a unique 
heterodimeric structure that is central to their regulation and function. IL-12 is composed 
of 35 kDa and 40 kDa subunits termed p35 and p40, respectively. The p35 subunit is 197 
amino acids long with a-helix domains and is homologous to granulocyte-colony stim- 
ulating factor (G-CSF) and IL-6 (3,4). The p40 subunit is 306 amino acids long and is 
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homologous to the extracellular portion of the alpha chain of the IL-6 receptor ("5,3 j. p40 
and p35 covalently hind together and circulate as hiologically active IL-12p70. p35 
mRNA has been found in peripheral hlood mononuclear cells, normal murine tissues, 
and tumor cell lines. Conversely, the transcription of p40 is more restricted, seen only in 
cells that produce hiologically active IL-12p70. The regulation of IL-12p70 production 
is thought to occur primarily through regulation of the p40 promoter ( 6 ). 

2.2. The IL-12 Receptor 

In 1994, Chua et al. identified a transmemhrane receptor with low affinity binding to 
IL-12 ( 7 ). IL-12R[3l is a 662 amino acid glycoprotein with a 591 amino acid extracellu- 
lar domain and a 91 amino acid intracellular tail. A member of the hemopoietin receptor 
superfamily, IL-12R(3l is homologous to gpl30 and the G-CSF receptor ( 7 ), and it inter- 
acts with the p40 subunit of IL-12p70 ( 8 ). Although antibody blocking experiments 
demonstrated that IL-12R(3l is required for IL-12 signaling, the lack of high affinity bind- 
ing or a clear signal transduction domain led to the search for a second IL-12 receptor ("9). 
IL-12R[32 was identified in 1996 by Presky et al. (10). IL-12R[32 is an 862 amino acid 
protein with a 595 amino acid extracellular domain and a 216 amino acid cytoplasmic 
domain containing three tyrosine residues ( 10 ). The extracellular domain of IL-12R(32, 
like IL-12R(3l, is homologous to the [3-hemopoietin receptors, but IL-12R[32 binds to both 
the p35 and p40 subunits of IL-12p70 ( 8 ). IL-12R[32 expression alone, as with IL-12R(3l, 
leads to low affinity IL-12 binding, but high affinity binding is seen with IL-12R(3l and 
(32 coexpression ( 10 ). Although IL-12R(3l is expressed on resting lymphocytes, regulation 
of IL-12 responsiveness occurs largely through the expression of IL-12R(32, present on 
resting NK cells and on a small subset of circulating T-cells. The regulation of IL-12R(32 
expression is also central to the IFN-y producing Thl phenotype ( 11 - 13 ). 

2.3. IL-12 Signal Transduction: 

Janus Family Kinases, p38 MAPK, and STATs 

As shown in Fig. 1, IL-12 signal transduction occurs through both p38 MAP kinase 
and the JAK/STAT pathway ( 9 , 14 ). Although the IL-12 receptor itself has no protein 
kinase domain, it is closely associated at the cell membrane with JAK2 and TYK2 ( 9 , 14 ). 
TYK2 interacts directly with the IL-12R(3l subunit and JAK2 with both IL-12R(3l and 
(32 subunits ( 9 ). Activated by IL-12p70 binding to the IL-12 receptor, JAK2 and TYK2 
phosphorylate each other and phosphorylate the tyrosine residues on IL-12R(32. IL-12R(32 
phosphorylation provides docking sites for the SH2 domain of signal transducer and acti- 
vator of transcription (STAT) proteins, which are then phosphorylated by JAK2 and 
TYK2 on C-terminal tyrosine residues ( 15 , 16 ). Tyrosine phosphorylation allows for 
dimer formation, nuclear translocation and DNA binding ( 16 , 17 ). STAT proteins are also 
phosphorylated on serine residues by p38 MAPK, which augments the response to 
IL-12 by further stimulating transcriptional activation ( 18 , 19 ). 

STAT4 has been most clearly demonstrated as central to the T and NK cell response to 
IL-12. STAT4 knockout mice have dampened IFN-y production and NK cell-mediated 
cytotoxicity after exposure to IL-12, and mice lacking STAT4 also lose the ability to 
develop Thl type helper T-cells ( 20 , 21 ). However, STATl, STAT3 and STAT5 also play 
a role in T-cell IL-12 responsiveness. This has been demonstrated in a subset of cirulating 
T-cells (CD 8-1- CD 18*’"®'’* T-cells) that can be activated by combined stimulation with 
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Fig. 1. Model showing how IL-12R-mediated signal transduction involves the phosphoryation and activation of STAT4 by receptor -associated 
Janus kinases and by p38 MAP kinase. 
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IL-12 and IL-2 without ligation of the TCR/CD3 complex ( 22 ). In this T-cell population, 
costimulation with IL-2 and IL-12 induces MKK 3 and 6 and p38 MAPK activation and 
leads to STATl and STAT3 serine phosphorylation. Inhibition of p38 MAP kinase blocks 
serine phosphorylation of STATl and STAT3 and blocks T-cell activation to IL-12 and IL- 
2 ( 19 ). A functional role for STATl, 3 and 5 was also demonstrated in a patient with recur- 
rent sinusitis and atypical mycobacterial infections characteristic of IL-12 deficiency 
syndrome. This patient was shown to have a muted IL-12 response despite normal 
IL-12R[3l and IL-12R(32 and intact STAT4 activation. However, T-cells from this patient 
were unable to activate STAT 1, 3, or 5 in response to IL-12 ( 23 ). 

2.4. Immune Activation by IL-12 

IL-12 is central to the development of a Thl immune response. Antigen presenting 
cells (APC) drive development of ThO CD4-I- T-cells towards the Thl phenotype by 
combining antigen presentation and activation of the TCR with secretion of IL-12 
( 6 , 24 ). This leads to CD4-I- T-cell proliferation, upregulation of IL-12R(32, and the pro- 
duction of IFN-y and IL-2 ( 24 , 25 ). CD4-I- Thl cells then induce antigen specific prolif- 
eration of CD8-I- cells and the development of cytotoxic T-lymphocytes (CTL, or Tel 
cells). Additionally, IL-12 induces NK cell proliferation and IFN-y production ( 26 ), 
B-cell IgG production ( 27 ), and activation of neutrophils ( 28 ). IFN-y produced in 
response to IL-12 induces the upregulation of MHC molecules ( 29 , 30 ), and activates 
macrophages and NK cells ( 31 - 33 ). 

2.5. Regulation of the IL-12 Response 

The Thl immune response induced by IL-12 is dependent on T-cell and APC costim- 
ulatory signaling and is modulated by multiple cytokines. In addition to the activation 
of the TCR, several studies have also shown that ligation of either CD2 or CD28, both 
expressed on T-cells, augments the response to IL-12. CD2 binds to CD58 on APCs. 
Antibodies blocking the CD2 adhesion domain or CDS 8 markedly reduce T-cell IL-12 
responsiveness ( 34 ). CD28 binds to B7 on APCs, and ligation of CD28 with the TCR 
increased Janus kinase and STAT4 phosphorylation and IFN-y production by T-cells 
after exposure to IL-12 ( 35 ). Conversely, ligation of APC CD40 via CD40L on T-cells 
augments APC activation and IL-12 secretion ( 36 ). 

Multiple cytokines, including IL-2, IL-15, IL-18 and IFN-y have been shown to aug- 
ment the response to IL-12. Expression of IL-12R(32 is increased by IFN-y and IL-12, 
and is downregulated by IL-4 ( 22 , 34 ). As discussed previously, IL-2 augments the IL-12 
response by up-regulating serine phosphorylation of STATl and STAT3 ( 19 ). IL-18 and 
IL-15, both produced by activated monocytes, are also synergistic with IL-12. IL-15, 
like IL-12, is secreted early in the immune response. In mouse models, IL-15 augments 
IL-12 induced IFN-y production by T-cells, upregulates the IL-12 receptor, and stimu- 
lates NK cells ( 37 , 38 ). Human PBMC show a greater increase in proliferation and IFN-y 
production after being cultured with IL-12 plus IL-2 or IL-15 than when cultured with 
IL-12 alone ( 22 ). In mouse models, IL-18 acts synergistically with IL-12 as a potent 
stimulator of IFN-y production, and upregulates the IL-12 receptor ( 39 ). IL-18 and IL- 
12 synergistically induce both IFN-y production by murine CD4-I- T-cells and regression 
of mouse SCK tumors (40). Also, IL-12 production by the APC is increased by several 
costimulatory cytokines, including IFN-y, IL-15, and IL-12 ( 39 , 41 , 42 ). 
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IL-12 




Fig. 2. IL-12 and IFN-y form a positive feedback loop between T cells and APCs. Model shows how 
the production of costimulatory cytokines and the engagement of costimulatory molecules are central 
to Thl development and the activation of APCs. 



Production of IL-18 binding protein and IL-10 dampen the response to IL-12. IFN-y 
produced in response to IL-12 induces monocytes to produce IL-18 binding protein, a 
isoform (IL-18BPa) (43). IL-18BPa then binds and neutralizes IL-18, preventing it 
from synergizing with IL-12 to further induce IFN-y production. IL-10 is a potent 
inhibitor of the IL-12 mediated immune response. Secreted by activated macrophages 
and IL-12 stimulated T-cells, IL-10 downregulates the production of both IL-12 and 
IFN-y (6,44,45). 

As shown in Fig. 2, the complex regulation of T-cell IL-12 responsiveness and the 
need for costimulatory signaling underscores the importance of the interaction between 
APCs and T-cells. APCs combine antigen presentation with the ligation of costimula- 
tory adhesion molecules and the production of costimulatory cytokines to drive the 
T-cell Thl response. In turn, T-cell and NK cell derived IFN-y, as well as IL-12; 
contribute to dendritic cell and monocyte activation. 

2.6. IL-23 and IL-27: Newly Discovered Cytokines 

Recently, two additional cytokines have been characterized that are closely related to 
IL-12: IL-23 and IL-27. Secreted by dendritic cells, IL-23 is a heterodimeric cytokine 
composed of the p40 subunit of IL-12 bound to a second glycoprotein, pl9 (46). pl9 has 
4 a-helix domains and is structurally similar to p35 and G-CSF (46). Like p35, pl9 
is not biologically active by itself but only as a heterodimer with p40 (46). IL-23 shares 
the IL-12R[3l receptor with IL-12p70, but signaling occurs via a unique receptor chain, 
IL-23R[33 (9). The actions of IL-12 and IL-23 are overlapping but distinct. Both acti- 
vate STAT4 and induce Thl differentiation and IFN-y production (46,47). As with p40 
and p35, transgenic expression of both pl9 and p40 in mice can cause an uncontrolled 
inflammatory process (47). However, in both mouse and human models, IL-23 is a less 
potent stimulator of IFN-y than IL-12, and in mice IL-23 is more potent than IL-12 in 
activating memory T-cells (46). 
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IL-27 is composed of two glycoproteins, p28 and Epstein-Barr virus-induced gene 3 
(EBI3). The p28 protein is 243 amino acids long with 4 a-helix domains. EBB was first 
detected in the supernatant of EBV infected B -cells and is homologous to p40. The 
IE-27 receptor is a heterodimer composed of WSX-1 and glycoprotein 130 (gpl30) that 
can induce signaling through STATl and STAT3 (48). Although IE-27 is secreted 
primarly hy activated monocytes, WSX-l/gpl30 mRNA has been found in a wide array 
of cells including monocytes, T-cells and mast cells, indicating a potentially hroad 
role for IE-27 in the immune response (49, 48). IE-27 may regulate the T-cell response to 
IE-12, and is synergistic with IE-12 in producing high levels of lEN-y hy T and NK 
cells (49,50). IE-27 is also a potent stimulus for proliferation of human naive, hut not 
memory, T-cells (49). 

3. IL-12 AS AN ANTITUMOR AGENT 

Brunda et al first demonstrated in vivo antitumor activity of IE- 12 in mouse models (51). 
Mice injected simultaneously with B16E10 melanoma cells and IE-12 had a dose dependent 
inhihition of metastasis formation after 22 d. IE-12 given 7 d after the injection of tumor 
cells reduced the tumor volume. These experiments together demonstrated effectiveness in 
preventing both new metastases and growth of existing tumors. Activity for IE-12 has also 
been demonstrated against reticulum cell sarcoma, Renca renal cell adenocarcinoma, C26 
colon cancer, and TSA mammary adenocarcinoma cell lines (51-53). 

3.1. Cell Populations Mediating Antitumor Effects of IL-12 

CD8-I- cytotoxic T-cells play a clear role in the antitumor immune response to IE-12, 
and CD 8-1- T-cells have been shown to infiltrate tumors both in mouse models and in 
humans after treatment with rhIE-12 (54,52). In mouse models, Brunda et al demon- 
strated that the antitumor effect of IE-12 was lost with CD8-I- T-cell depletion. Conversely, 
NK cell and CD4-I- T-cell depletion had little to no effect in that system (51). In mice 
injected with TSA mammary cell line tumors, CD8-I- T-cell depletion mitigated the anti- 
tumor action of systemic IE- 12 therapy on both sc and lung metastases, whereas deple- 
tion of CD4-I- T-cells or NK cells did not (52). In humans, a study analyzing PBMC from 
patients treated with sc rhIE-12 identified a subset of CD8-I- cells strongly expressing 
CD 18 (CD18'’"§*’*) that expanded in vivo and upregulated the IE- 12 receptor in response 
to rhIE-12 therapy. CD8-I- T-cells with low level expression of CD18 (CD18‘*™) were 
unaffected by rhIL-12. The CD 18*’"®'’' T-cells also differed from CD18‘*™ cells in their 
expression of costimulatory cell adhesion molecules, and were morphologically similar 
to NK cells. Unlike CD18‘*™ cells, CD 18*’"®*’* cells were capable of lEN-y production as 
well as both non-MHC-restricted and CD3- mediated cytotoxic activity after exposure 
to IE- 12 and IE-2 in vitro (22). 

VaI4 NKT cells may also play a role in IL-12 mediated tumor rejection (55). Val4 
NKT cells represent a subpopulation of CD 8 negative T-cells with a distinct lineage and 
are identifiable by a unique and invariant TCRa chain. Cui et al. demonstrated that 
selective depletion of Val4 NKT cells without manipulation of CD 8-1- or NK cells 
resulted in loss of IL-12 mediated immunity in three mouse tumor models. Eurthermore, 
tumor immunity mediated through Val4 NKT cells persisted despite inhibition of lEN- 
y and depletion of CD8-I- cells, indicating that NKT cells alone may be sufficient for 
tumor rejection by IL-12 (55). However, the singular role of Val4 NKT cells has not 
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been consistently reproduced in other studies. In a recent study using a similar mouse 
tumor model, IL-12 had an equivalent antitumor effect in both wild-type and Val4 
NKT-deficient mice, whereas other mouse studies have shown a unique role for NKT 
cells as well as other lymphocyte populations, such as NK cells, in IL-12 mediated 
antitumor immunity ( 56 , 57 ). 

The role of NK cells in IL-12 induced tumor immunity is unclear. Several studies in 
mice have indicated that in the context of an otherwise normal immune system, NK 
cells are not essential for an IL-12 induced antitumor response. Treatment of NK defi- 
cient or phenotypically normal beige mice with IL-12 produced an equivalent immune 
response against B16 melanoma cells, and antibody mediated depletion of NK cells in 
mice injected with TSA mammary cells had little impact on survival after IL-12 ther- 
apy ( 51 , 52 ). However, it has also been shown that in the absence of T and NKT cells, 
NK cells effectively mediate an antitumor response after IL-12 stimulation. RAG-2 -/- 
mice (lacking T-cells, B -cells and NKT-cells) were shown to have an antitumor 
response to IL-12 equivalent to wild type mice, but antitumor immunity was lost with 
NK cell depletion ( 58 ). A clear role for NK cells was also seen after treatment with 
IL-12 and Cyclophosphamide in mice with large, established tumors ( 56 ). 

As with NK cells, CD4-I- T-cells are not central to the IL-12 response in otherwise 
immunocompetent mice. Selective depletion in mice of CD4-I- cells has little effect on the 
tumor response to IL-12 therapy ( 51 ). However, like NK cells, CD4-I- cells have a role in 
immune modified mouse tumor models. Removal of CD4-I- cells from CD8-I- depleted 
mice further attenuates the effectiveness of IL-12 in controlling tumors ( 59 ). CD4-I- 
T-cehs are required for an antitumor response to IL-12 in IFN-y knockout mice ( 53 , 59 ). 

Finally, neutrophils may also play a role in the antitumor effect of IL-12. IL-12 has 
been shown to bind to neutrophils and cause Ca-I-^ mediated activation and increased 
production of reactive oxygen metabolites ( 28 ). In chimpanzees, neutrophil activation 
occurs within 24 hrs of IL-12 therapy ( 60 ). Cavaho et al. demonstrated neutrophil infil- 
trates in subcutaneous TSA mammary tumors in mice treated with IL-12 and showed 
that neutrophil depletion decreased the effect of IL-12 on survival ( 52 ). 

3.2. IFN-y and Other Cytokines in Antitumor Effects of IL-12 

IFN-y is central to the IL-12 response and has been shown to have multiple antineo- 
plastic effects through the activation of immune effector cells, the induction of second- 
ary cytokines and chemokines, and a direct effect on tumor cells in murine tumor models. 
In vivo neutralization of IFN-y abolishes the antitumor effect of IL-12 ( 53 , 61 ). IFN-y 
mediated antitumor immunity occurs through the activation of macrophages and den- 
dritic cells, the augmentation of NK cell and NKT effector cell function, ( 31 , 33 ) as well 
as facilitation of the Thl immune response. IFN-y upregulates expression of IL-12(3R2 on 
T and NK cells, increases IL-12 production by macrophages and dendritic cells ( 22 , 42 ), 
and increases expression of tumor MHC molecules ( 62 , 63 ). 

IFN-y also induces the production of three chemokines with antiangiogenic properties: 
IFN-inducible 10-kDa protein (IP- 10), monokine induced by IFN (Mig), and IFN-inducible 
T-ceh-chemokine (I-TAC) ( 64 - 66 ). Collectively termed CXC3 chemokines, they bind the 
CXC3 receptor found on intraepithelial lymphocytes, macrophages, dendritic cells, and 
endothelial cells ( 67 ). The two potential antitumor effects of the CXC3 chemokines 
include facilitating T-ceh migration and inhibiting angiogenesis. Evidence for their abil- 
ity to induce chemotaxis includes studies showing that tumor cells engineered to secret 
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IP- 10 grow normally in culture but then elicit a T-cell-dependent inflammatory infiltrate 
in vivo (68). Also, administering IL-12 to mice with Renca tumors causes T-cell infiltra- 
tion into the tumors that is inhibited by the administration of anti-Mig and anti-IP- 10 anti- 
bodies (69). CXC3 chemokines are also anti-angiogenic. In mouse models, both IP- 10 and 
Mig induce tumor necrosis associated with vascular damage when injected directly into 
tumors (70,71). Although IL-12 and IP-10 both inhibit bFGF-induced Matrigel neovascu- 
larization, the ability of IL-12 to inhibit neovascularization is neutralized by anti IFN-yor 
anti IP-10 antibodies (72,73). In other studies, SCK mammary and K1735 tumors engi- 
neered to be unresponsive to IFN-y were more tumorigenic and less sensitive to IL-12 
therapy. This was not attributable to differences in immunologic rejection; instead, it was 
found that IL-12 could inhibit angiogenesis only in IFN-y responsive tumors. The authors 
hypothosized that this may be owing to the loss of IFN-y induced tumor secretion of 
antiangiogenic factors such as IP- 10. 

IFN-y also has several potential direct antitumor effects through STAT mediated signal- 
ing (75-77). IFN-y enhances STATl signaling decreases cell proliferation by increasing 
expression of Cyclin-Dependent Kinase Inhibitor p21, and induces apoptosis via up- 
regulation of caspase 1 in A431 and HeLa cells (76,77). In melanoma cells, increased 
JAK-STAT signaling, mediated via the up-regulation of STATl expression by IFN-y, led 
to increased sensitivity to the antitumor effects of IFN-a (75). 

A model for the antitumor effects of IL-12 administered systemically is shown in 
Fig. 3. In this model administration of IL-12 augments production of IL-15 and IL-18 
by APCs. IL-12 combines with IL-15 and IL-18 to induce IFN-y production by circu- 
lating NK cells and CD8-I- CD18'’"®*’* T-cells. IFN-y then contributes to the development 
of innate and adaptive antitumor immunity by fostering Thl T-cell development, acti- 
vating NK cells and monocytes, inducing the production of chemokines with anti- 
angiogenic lymphocyte chemotaxic effects, and exerting direct effects on tumor cells 
that fosters immune recognition and apoptosis. 

4. CLINICAL TRIALS OF IL-12 

4.1. Intravenous IL-12 in Renal Cell Cancer and Melanoma 

There have been numerous clinical trials of iv recombinant human (rh) IL-12 in 
patients with melanoma and renal cell cancer (Table 1). In the first phase I trial, rhlL- 
12 was given as a test dose on day 1 followed by a 13 d rest period during which phar- 
macokinetic studies were performed (78). Intravenous infusions at the same dose level 
were then administered for the first 5 d of a 21 -d course. Patients with stable or respond- 
ing disease could continue treatment for six courses. Forty patients were enrolled, 32 
had renal cell cancer or melanoma, and 25 had received prior systemic therapy, includ- 
ing 14 treated with high dose IL-2. Dose levels ranged from 3 ng/kg/d to 1000 ng/kg/d, 
and 14 patients were treated at the maximum tolerated dose (MTD) of 500 ng/kg/d. 
The most common grade-3 toxicities were elevated AST (three patients) and bilirubin 
(six patients), and neutropenia (five patients). Additionally, one patient had an upper 
gastrointestinal bleed and one patient died of Clostridium perfringens sepsis from an 
unknown source, likely bowel. The half life of rhIL-12 at 500 ng/kg measured after the 
test dose was 9.6 h, significantly longer than other cytokines such as IL-2. IFN-y 
production was induced in a dose-dependent manner during cycle 1 , with dual peaks 24 
h after the test dose and then on day 3 of week 1 before levels declined on days 4 and 5 
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Fig. 3. Mechanisms of IL-12-mediated antitumor activity, showing the central role of IFN-y. 



despite continued rhIL-12 infusions. Unfortunately, the IFN- y response appeared tran- 
sient with little IFN-y produced during subsequent cycles of rhIL-12 regardless of the 
dose level. Two patients in the trial had ohjective responses, including one patient with 
a CR that lasted 4 wk and another with a PR continuing for over 22 mo ( 78 ). 

In addition to inducing IFN-y production, rhIL-12 had numerous measurable effects 
on the immune system. Grade 4 lymphopenia occurred at all dose levels. Lymphocyte 
counts nadired on day 2 and then during the first 5-d course, returning to normal within 
72 h. NK cells declined most dramatically, nadiring at 6% of their baseline levels, 
whereas CD4-I- and CD 8-1- T-cells declined to 15% and 29% of their baseline levels, 
respectively ( 26 ). There was no rebound lymphocytosis as seen after therapy with high 
dose IL-2 ( 79 ). Unlike the production of IFN-y, the effect of rhIL-12 on lymphocytes was 
observed through multiple dosing cycles. Additionally, there was a several fold increase 
in the expression of NK cell adhesion molecules, including CD56, CD2, CDlla/CD18, 
and CD 54, and enhanced NK cell cytotoxicity towards K562 cells ( 26 ). These effects 
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Select Published Trials of Intravenous IL-12 in Melanoma and Renal Cell Cancer' 
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'CR, complete response; PR, partial response 
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were seen during lymphocyte recovery, but then were absent 2 wk after therapy. 
Additionally, T-cells were found to have enhanced proliferation after CD3 ligation post 
therapy with rhIL-12. Unlike the effects on NK cells, the T-cell effects were not seen dur- 
ing the lymphocyte recovery phase but rather on day 14 after the test dose. These results 
are consistent with mouse models demonstrating a transient macrophage-induced down 
regulation of T-cell mediated immunity immediately after IL-12 exposure (80). 

The acceptable toxicity of rhIL-12 at dose levels with demonstrable biologic effects 
led to the initiation of a phase II trial of iv rhIL-12. Seventeen patients were given 
500 ng/kg/d for days 1 through 5 of a 21-d cycle without the test dose used during the 
phase-I trial (81). Unfortunately, there was severe unexpected toxicity and the trial was 
closed early with no patients receiving more than one cycle of therapy. A high propor- 
tion of patients experienced grade-3 or -4 fatigue, dyspnea, stomatitis, leukopenia, and 
hepatic toxicity. Twelve of the 17 patients were hospitalized and two died from rhIL-12 
related toxicity, including hemorrhagic colitis and intestinal ulceration. The only signif- 
icant difference between the phase-I and phase-II trials was the use of a rhIL-12 test 
dose. Peak IFN-y levels measured in patients in the phase-II trial were several fold 
higher than IFN-y levels among patients receiving 500 ng/kg in the phase-I trial. 
Subsequent studies performed in mice demonstrated that the use of a test dose prevented 
the marked elevation of IFN-y seen during the five daily IL-12 infusions and significantly 
decreased IL-12 related toxicity (81). Several subsequent phase II trials of rhIL-12 with 
daily dosing for 5 d at 500 ng/kg/d following a test dose were subsequently performed. 
Toxicity was tolerable, but there was minimal to no clinical efficacy (unpublished data). 

One possible reason for the failure of rhIL-12 administered as a daily injection for 5 d 
to show more potent antitumor activity was the inability of rhIL-12 to consistently 
induce IFN-y production. In an attempt to achieve a more sustained IFN-y response, a 
phase-I dose escalation trial of twice weekly iv rhIL-12 without a test dose was initiated 
(82). Successive cohorts of patients were treated with doses ranging from 30 ng/kg to 
700 ng/kg. Twenty-eight patients were enrolled; 23 had received prior immunotherapy. 
The MTD was 500 ng/kg, with 2 of 14 patients treated at that dose experiencing DLTs, 
one with orthostatic hypotension and another with agranulocytosis. Five patients were 
treated at 700 ng/kg, with two experiencing DLTs (grade-3 elevation of hepatic transam- 
inases, and grade-3 Coombs negative hemolytic anemia). There was one objective 
response, a PR in a patient treated at 500 ng/kg, and two other patients had stable disease 
for over 6 mo (82). 

Serial IFN-y measurements were taken during cycle 1 in 10 patients treated at or above 
the MTD with twice weekly iv rhIL-12 (82). Several patterns of IFN-y production were 
seen. All patients had peak IFN-y levels during the first week and then most showed near 
complete attenuation of IFN-y production by week 4. One subgroup of patients contin- 
ued to produce IFN-y during week 4 of therapy at a level similar to what was seen in 
week 1 (82). All of the clinical responses as well as the side effects of hemolytic anemia 
and agranulocytosis were seen in this subgroup of patients with sustained IFN-y produc- 
tion (82). Lymphocyte cytokine responsiveness was also evaluated in vitro using patient 
PBMCs collected before therapy and on week 4 of rhIL-12 treatment. PBMC isolated 
before and after rhIL-12 exposure maintained the proliferative response to either IL-12 
alone or IL-12 combined with IL-2 or IL-15. IFN-y production at week 4 was seen only 
in response to IL-12 when it was combined with IL-2 or IL-15, and was strongest at 
week 4 in the patients who had a sustained IFN-y response in vivo (82). In this study. 
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investigators also measured pharmacokinetics of IL-12 after repeated dosing. Although 
the peak serum IL-12 levels remained constant, decreased over time. This is a recur- 
rent finding in rhIL-12 clinical trials. However, the decreased tj^j did not account for the 
changes in IFN-y response, as serum rhIL-12 levels did not correlate with the magnitude or 
pattern of IFN-y production (82). Other cytokines measured, including IL-10, were consis- 
tently induced hy IL-12 both during week 1 and 4 of therapy (82). 

In a recently published phase-I trial, consistent induction of IFN-y was achieved by 
combining iv rhIL-12 with sc IL-2 (83). Twenty-eight patients with metastatic melanoma 
and renal cell cancer were treated with biweekly infusions of rhIL-12, at dose levels of 
300 or 500 ng/kg/day, combined with 0.5 to 6.0 MU/m^ of IL-2 given subcutaneously 
1 h before and 20 h after the rhIL-12, starting with rhIL-12 dose number six. Eleven 
patients were treated at the MTD (500 ng/kg of rhIL-12 and 3.0 MU/m^ of IL-2). There 
were no grade-4 toxicities, but several patients experienced grade-3 lab abnormalities 
including elevated AST/ALT and various cytopenias. After an initial waning of the IFN- 
y response by dose 5 of rhIL-12 alone, the addition of IL-2 led to IFN-y production com- 
parable to that seen after the first dose of rhIL-12. This augmented IFN-y production was 
sustained through week 6 of therapy. IP- 10 was also measured and was induced in a pat- 
tern similar to IFN-y. There were several measurable responses in this study. One 
patient with melanoma had a partial response and two melanoma patients had regres- 
sion of skin metastases. Four patients with renal cell cancer and one patient with ocular 
melanoma had prolonged periods of stable disease (83). Although this trial achieved the 
goal of a sustained IFN-y response, the clinical effectiveness of rhIL-12 remained mod- 
est, with few objective responses. 

4.2 Subcutaneous IL-12 in Renal Cell Cancer and Melanoma 

Bajetta et al. in 1998 published the first trial of sc rhIL-12 (see Table 2). Ten patients 
with melanoma were treated with 500 ng/kg/d on days 1, 8, and 15 of a 28-d cycle (84). 
The regimen was well tolerated with flu like symptoms in all patients but only one 
patient with a grade-3 toxicity (neutropenia). Peak IFN-y production occurred after the 
first rhIL-12 dose, with subsequent attenuation of response in most patients. The mag- 
nitude of the IFN-y response was much smaller than that seen with iv rhIL-12, with 
serum IFN-y levels being one-fifth the level seen after a similar iv dose (82,84). 
Subcutaneous rhIL-12 did induce lymphocyte activation in a manner similar to what 
was seen after iv therapy, with NK cells being most affected. Correlative studies also 
demonstrated increased expression of T-cell adhesion and homing molecules (CD 11 a, 
CD 18, CD49d and CD44), and several excised cutaneous metastases that were respond- 
ing to IL-12 were found to have CD8-I-/CD45RO-I- memory T-cell infiltrations. Also, in 
vitro studies of PBMCs showed an increased tumor-specific cytotoxic T-cell response 
to autologous tumor cell fines after rhIL-12 therapy (54). Three patients in the trial had 
minor responses, two with resolution of cutaneous lesions and one with resolution of a 
hepatic mass ( 84 ). 

The pharmacokinetics of rhIL-12 after sc dosing differed from that of iv dosing. rhlL- 
12 peaked 8-12 h after sc injection. The ty was similar to that of the iv infusion after dose 
one (8-10 h), but with repeated dosing serum levels did not rise to a detectable level in 
most patients (84). This was hypothesized to be the result of a lack of accumulation of 
rhIL-12 in the serum owing to increased clearance rather than a change in absorption. 
The investigators looked for but did not find anti rhIL-12 antibodies. 
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Select Published Trials of Subcutaneous IL-12 in Melanoma and Renal Cell Cancer 
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*MTD for test dose was 500 ng/kg. 

‘^24 patients treated with fixed weekly dosing with MTD of 1000 ng/kg/day; 27 patients with intracycle dose escalation schema with MTD of 100 ng/kg day 
1, 500 ng/kg d8, and 1500 ng/kg day 15. 

'^Dose escalation regimen for rhIL-12 taken from Motzer, RJ 1998: of 100 ng/kg day 1, 500 ng/kg day 8, and 1500 ng/kg day 15. 
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In trials administering sc rhIL-12 three times a week, a higher cumulative dose of rhIL-12 
could he given, hut the resulting immune response was not consistently improved. 
Twenty-eight patients were treated in a phase-I study of sc rhIL-12 administered as a test 
dose on day 1 and then three times a week for the first 2 wk of a 28-d cycle ( 85 ). The MTD 
was 500 ng/kg for the test dose and 1000 ng/kg for the thrice-weekly dosing. There were 
few grade-3 or -4 toxicities. Peak serum rhIL-12 levels were higher than those seen with 
weekly sc rhIL-12, hut unfortunately this did not translate into a more sustained IFN-y 
response. Even at 1250 ng/kg, rhIL-12 failed to induce IFN-y production heyond the first 
week of therapy ( 86 ). A second phase-I dose escalation study in Japan of thrice weekly sc 
rhIL-12 eliminated the test dose and treated patients for 2 out of every 3 wk ( 87 ). The 
MTD was 300 ng/kg/d. The results of this study differed significantly from previous 
trials of sc rhIL-12. The semm half life of rhIL-12 after the first injection was close to 25 
h, almost three times higher then had been previously observed, and neither tj ^2 or peak 
concentration decreased with repeated dosing. Although the peak IFN-y levels were seen 
after the first dose, unlike other studies, there was a continued measurable IFN-y response 
even after the sixth dose of the third cycle ( 87 ). Fourteen patients were enrolled in the trial 
and there were two responses, one CR and one PR, each lasting about 4 mo ( 87 ). 

The largest trials of sc rhIF-12 were performed by Motzer et al. in renal cell cancer 
( 88 , 89 ). A phase-I trial enrolling 51 heavily pretreated patients used two separate dos- 
ing schemes, one with fixed and one with escalating weekly doses ( 88 ). In the fixed 
arm, 24 patients were treated with the same dose of rhIF-12 on days 1,8, and 15 of a 
28-d cycle. The MTD was 1000 ng/kg/d, with elevated transaminases on day 8 being 
the most common toxicity ( 88 ). In an effort to avoid this transient liver toxicity, 27 
patients were treated with escalating doses of rhIF-12 during cycle 1, and then contin- 
ued on the highest dose for subsequent cycles. The MTD in this regimen was 100 ng/kg 
on day 1, 500 ng/kg on day 8, and 1500 ng/kg on day 15. The DFTs were grade 3 and 
grade 4 hepatic transaminase elevations at 1500 ng/kg. Measurements of IFN-y demon- 
strated brisk induction on day 15 in patients treated with dose escalation. There was one 
objective response, a CR in a patient treated with dose escalation to 1500 ng/kg, and 34 
of 49 evaluable patients had varying periods of stable disease ( 88 ). 

A modification of this dosing regimen was carried to a randomized trial of rhIF-12 
vs IFN-a2a as first line therapy in patients with metastatic renal cell cancer ( 89 ). Forty- 
six patients were randomized in a 2:1 ratio favoring rhIF-12. Thirty were treated with 
sc rhIF-12 with dose escalation up to 1250 ng/kg on day 15, and 16 patients were 
treated with sc IFN-a2a 9 million units three times per week. There was significant 
induction of IFN-y after dosing on day 15 of both cycle one and two of rhIF-12. 
However, despite a sustained IFN-y, response the overall clinical response rate was low. 
With only two partial responses seen among the 29 evaluable patient treated in the rhlF- 
12 arm, the study was closed early ( 89 ). 

Based on the synergy between IFN-y and IFN-a in augmenting JAK-STAT signaling 
and inducing IP- 10 and Mig, Hutson et al. conducted a phase I trial of concurrent sc 
rhIF-12 and sc IFN-a2b in patients with renal cell cancer or melanoma ( 90 ). As of 
2001, 11 patients were enrolled and treated with escalating doses of up to 500 ng/kg of 
rhIF-12 twice per week and 1.0 MU/m^ of IFN-a2b three times a week fPOj. At the time 
of their interim report the MTD had not been reached and 9 of the 1 1 patients had sta- 
ble disease. No follow up report has yet been published. A phase-II trial in melanoma 
was initiated by CAFGB giving iv rhIF-12 300 ng/kg on day 1 and IFN-a2b 3.0 MU/m^ 




Chapter 18 / IL-12 and Cancer Therapy 



331 



on days 2 through 6 of a 14-d cycle (CALGB 500001). Unfortunately, this trial was 
closed early after the planned interim analysis showed no meaningful responses 
(William Carson, M.D., personal communication). 

4.3. The Use ofrhIL-12 in Other Malignancies 
4.3.1. Lymphoma 

IL-12 appears to have activity in cutaneous T-cell lymphoma (CTCL). Ten patients 
with CTCL were treated in a phase-I study of twice weekly sc rhIL-12 {see Table 3) 
(91 ). Dose levels ranged from 50 to 300 ng/kg, and intrapatient dose escalation was per- 
mitted after 4 wk of therapy. As a result, all patients received up to 100-300 ng/kg of 
IL-12. Treatment was generally well tolerated. The MTD was 300 ng/kg, with fatigue 
and transient elevations in liver function tests being the primary toxicities. Clinical 
responses varied depending on disease stage. All five patients with plaque like disease 
responded. Two had a CR, two a PR, and one a minor response. One of three patients 
with Sezary syndrome (T4 disease) one had a partial response, one withdrew, and one 
progressed. Two patients with rapidly progressive disease and T3/T4 lesions received 
intralesional instead of sc injections, with local but no systemic responses (91 ). Biopsies 
obtained from skin lesions during regression showed a several-fold increase in the num- 
ber of CD8-I- cytotoxic T-cells. 

A phase II study of 23 CTCL patients treated twice weekly with 300 ng/kg of sc rhlL- 
12 has completed enrollment and is pending publication at the time of this chapter. As in 
the phase-I trial, there was a high response rate among patients with early stage disease 
(Alain Rook M.D., personal communication). A second phase-II trial, based on the reg- 
imen developed by Collob JA et al. (83) using sc rhIL-12 at 100 ng/kg with escalating 
doses of sc IL-2 from 0.5 MU/m^ to 6.0 MU/m^, is currently enrolling patients. 

Several studies have evaluated the use of rhIL-12 in patients with Hodgkin’s disease 
and non-Hodgkin’s B-cell lymphoma (see Table 3). Subcutaneous rh I L -12 was admin- 
istered with Rituximab in one phase-I study of patients with CD20 positive B-cell lym- 
phoma (92). Rituximab was given at 375 mg/m^ weekly for 4 wk and up to 300 ng/kg 
of rhIL-12 sc was given twice weekly for up to 24 wk. The clinical response rate was 
69% and appeared to be higher then what has been seen with Rituximab alone. 
Responses were seen in both aggressive and low grade lymphomas, including several 
patients with mantle cell lymphoma and several patients who had had bone marrow 
transplants. Both serum IP-10 and IFN-y were show to increase dramatically, peaking 
24 h after rhIL-12 administraion (92). 

In a second phase I trial, eight patients with non-Hodgkin’s lymphoma, two with 
Hodgkin’s disease and two with plasma cell myeloma were treated with iv rhIL-12 after 
autologous bone marrow transplant (Table 3) ( 93 ). Treatment started on average 66 days 
after stem cell transplant and patients were given a single test dose followed by 2 wk rest 
and then daily infusions of rhIL-12 for days 1-5 of a 21-d cycle. The maximum tolerated 
dose of rhIL-12 was 100 ng/kg. Three patients experienced dose-limiting toxicity: one 
treated at 100 ng/kg had a grade-3 infection, and two of three patients treated at 250 ng/kg 
had grade-3 elevations of liver function tests, one of whom also had grade-3 diarrhea. 
Additionally, several patients treated at the MTD required dose reductions for transient 
leukopenia and neutropenia (93). Five of 12 patients had stable disease for over 32 mo 
after starting rhIL-12 therapy; the other seven progressed. 
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‘CR, complete response; PR, partial response. 
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The immune response to rhIL-12 of bone marrow transplant patients in this study dif- 
fered from what has been seen in other studies. The IFN-y response was modest com- 
pared to other studies, with a mean serum IFN-y level 24 h after the first dose of 100 
ng/kg rhIL-12 of 104 pg/mL compared to 679 pg/mL in similarly treated patients in ear- 
lier studies. It was hypothesized that a lack of IL-18 may have been responsible for the 
poor IFN-y response; however, IL-18 was detectable in all patients in this study before 
therapy and rose several fold during the first cycle of rhIL-12, indicating this was not 
the case. When PBMC from study patients isolated before rhIL-12 therapy were 
exposed in vitro to rhIL-12 or rhIL-12 and IL-2, they showed significantly less IFN-y 
production than healthy controls, indicating this may be an effect specific to the post- 
transplant lymphocyte population (93). Although IFN-y production was modest, lym- 
phocyte proliferation was more pronounced (94). After a transient decrease, lymphocyte 
counts increased progressively during treatment with rhIL-12. This effect had not been 
seen in prior trials of rhIL-12 in patients with solid tumors, except for the expansion of 
CD8-hCD18^"g‘'' T-cells seen by Gollob et al. (22), nor was it seen in patients with 
relapsed lymphoma treated with sc rhIL-12 for prolonged periods of time. The effect 
was dose dependent and occurred in all lymphocyte subpopulations (94). 

4.3.2. Kaposi Sarcoma 

AIDS associated Kaposi Sarcoma (KS) may be sensitive to both the anti- angiogenic 
and immune mediated effects of rhIL-12 (Table 3). Cell mediated immunity is compro- 
mised in HIV disease and PBMC from HIV infected patients have been shown to have 
impaired IL-12 production (95). The ability of rhIL-12 to combine an augmented Thl 
immune response with the anti- angiogenic effects of IFN-y and IP- 10 may make it a 
potent therapy for a highly vascular opportunistic malignancy like KS occurring in an 
immunocompromised host. Preliminary results of a phase I trial using biweekly sc 
rhIL-12 in HIV patients with KS were promising. Four of 9 patients treated with 300 
ng/kg or 500 ng/kg had a PR, with several additional patients having stable disease (96). 
Further work with rhIL-12 in KS is ongoing. 

4.3.3. Other Solid Tumors 

Several trials have evaluated the effectiveness of rhIL-12 against gynecologic malig- 
nancies (Table 3). ECOC E1E96 was a phase II trial that enrolled 34 patients with 
advanced cervical cancer (97). The role of HPV infection in cervical cancer and the 
ability of an immune response to HPV to cause regression in dysplastic cervical lesions 
made advanced cervical cancer a reasonable target for immune modulation. Patients 
were treated with iv rhIE-12 at 250 ng/kg on days 1 through 5 of a 21-d cycle with a 
test dose on day -13. There were few grade-3 or grade-4 toxicities, and some evidence 
of an immune response against HPV as measured by in vitro lymphocyte proliferation 
in response to HPV antigens. However, there was only one clinical response out of the 
first 29 evaluable patients, and the trial was closed early (97). A second phase II trial 
using the same dosing regimen enrolled 28 patients with advanced ovarian cancer. 
Again, the regimen was well tolerated, but with minimal clinical activity (98). 

Inraperitoneal (ip) administration of rhIE-12 may allow for greater efficacy against 
peritoneal solid tumors (Table 3). In a phase-I trial of 29 patients with mesothelioma or 
ovarian, Mullerian, or gastrointestinal cancer with peritoneal involvement, rhIE-12 was 
given as weekly ip injections (99). The MTD was 300/ng/kg, and the side effect profile 
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was similar to that seen with iv rhIL-12. Fever and fatigue were common, and the ele- 
vation of liver function tests was dose limiting. Terminal phase clearance of rhIL-12 
from the peritoneum was prolonged, over 18 h, and peritoneal concentrations of rhIL-12 
were 10-50-fold higher then contemporaneous serum concentrations. Peritoneal IFN-y 
levels rose to over 175 pg/mL, peaking 36-48 h after injection of 300 ng/kg of rhIL-12. 
Maximum serum IFN-y level stayed under 100 pg/mL. Two of the 29 patients had a 
surgically confirmed complete responses, and eight patients had stable disease (99). A 
phase-II study of intraperitoneal rhIL-12 is currently enrolling patients. 

Additional ongoing research includes a trial of rhIL-12 in Her-2/neu overexpressing 
tumors. A phase-I trial of Trastuzumah and rhIL-12 in Her-2/neu overexpressing tumors 
has been completed and is pending publication (Table 3). An interim analysis was pre- 
sented at the 2001 meeting of the American Society of Clinical Oncology (100). 
Patients were treated with weekly Trastuzumah, 2 mg/kg, and biweekly infusions of 
rhIL-12 at up to 500 ng/kg. There were no grade-3 or -4 toxicities after enrollment of 
the first seven patients, and one patient with breast cancer had a complete response 
(100). A phase-I trial combining Paclitaxel, Trastuzumah and rhIL-12 is currently 
enrolling patients (William Carson, M.D., personal communication). 

5. CONCLUSIONS 

Since its discovery in 1989, significant progress has been made in understanding the 
role of IL-12 in the immune response and its potential antitumor effects, but no clear 
role for IL-12 in cancer therapy has been established. The tight regulation of IL-12 and 
of IL-12 responsiveness and the rapid dampening of IL-12 induced IFN-y production 
has resulted in significant challenges to the successful application of rhIL-12 in cancer 
therapy. Toxicity from excessive IFN-y production during the early phase of rhIL-12 
treatment can be severe, and the consistent induction of IFN-y with repeated IL-12 
administration has been difficult to achieve. In the few trials where the IFN-y response 
was sustained, clinical activity remained modest. However, a potential role for IL-12 
exists in several malignancies including KS and CTCL, and several ongoing clinical 
trials are further evaluating that potential. Future trials further exploring the contribu- 
tion of IL-12 with other cytokines and antineoplastic agents will help to determine whether 
rhIL-12 will find a place in the biologic therapy of cancer. 
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1. INTRODUCTION 

Interferon-a2 (IFN-a2) has been tested extensively in human clinical trials and has 
proven to confer a survival benefit to patients with melanoma, renal cell carcinoma 
(RCC), chronic myelogenous leukemia (CML), hemangioma and various other malignan- 
cies. To date, the precise molecular determinants that differentiate responders from non- 
responders have not been defined. A majority of the current knowledge about IFN-a2 has 
been derived from its role as an endogenously-produced antiviral compound. Importantly, 
new information on the activity of exogenously administered IFN-a is beginning to 
emerge as a result of its widespread use for tumor immunotherapy. This chapter will focus 
on the biology of IFN-a and its effects on downstream signaling events within the tumor 
cell and host immune effectors. We will highlight both endogenous and exogenous 
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IFNa2, because information from each might provide insight into the mechanism of 
action of IFNa as an immunotherapeutic agent. Continued research on the basic biology 
of the IFN system could potentially lead to a greater understanding of its antitumor activ- 
ity and greater clinical benefit while reducing its toxic side effects. 

2. HISTORIC BACKGROUND 

The biologic phenomenon known as “interference” was first described by Alick 
Isaacs and Jean Lindenmann in 1957 ( 1 ). Interference was defined as a protective effect 
against viral infection imparted to cells that had previously been infected by another 
vims. The concept was rigorously examined because of its public health ramifications, 
during the era of the first-generation polio vaccines and the search for an “antiviral peni- 
cillin.” In their research examining the molecular mechanism of this phenomenon, 
Isaacs and Lindenmann discovered IFN ( 1 , 2 ). Early attempts by Derek Burke, a bio- 
chemist from Isaacs’s laboratory, to purify and produce IFN in great quantities for 
research and clinical applications had been disappointing ( 3 )\ IFN research was ham- 
pered for more than two decades due to crude protein fractions, less than one percent of 
which consisted of actual IFN. Until the 1960s, IFN was thought to be a single mole- 
cule, rather than a family of distinct structurally related proteins ( 4 ). Interest in IFN 
beyond the field of virology occurred in the early 1960s when its cytostatic, antitumor 
and immunomodulatory properties were discovered ( 5 , 6 ). IFN research was further 
advanced by the landmark work on its purification to homogeneity in solution in suffi- 
cient amounts for its physicochemical characterization as well as by cloning of the 
first IFN gene fSj. As a result of an exciting competition between the pharmaceutical 
industry and academic research, IFN was one of the first natural proteins to become 
available for the clinical treatment of malignancies ( 9 ). 

3. BIOLOGY OF INTERFERONS 

Human IFNs represent a complex family of heterogenous proteins which uniformly 
protect cells from viral infection and induce major histocompatibility complex (MHC) 
class I antigen expression. IFNs have been traditionally classified based on the mecha- 
nism of their production and the cell- surface receptor complex they use (Table 1). Type 
I IFNs are generally produced and secreted by almost any cell in the body in response 
to viral infection or double strand-RNAs (ds-RNA). Type I IFN genes are clustered on 
human chromosome 9p21 ( 10 ) and exert their effects via a common receptor, IFN-a[3R. 
The IFN gene family consists of 13 IFN-a members, named from the peaks obtained on 
chromatography for their isolation, and a single member of each of IFN-(3, IFN-k, IFN-co 
and IFN-£ ( 11 - 13 ). All of the IFN-a subtypes seem to have comparable biologic activ- 
ities. The precise evolutionary explanation for this redundancy remains a mystery but 
may reflect the advantages of providing the host with alternative defense pathways. 
Translocations involving 9p21-22 bands are frequently found in hematologic malignan- 
cies, whereas 9p21 deletion and/or loss of heterozygosity of nearby genes (i.e., the cell 
cycle protein pi 6) are frequently found in many cancers in vivo and in neoplastic cell 
fines (i.e., renal, bladder, and pancreatic cancer, glioblastoma, neuroblastoma, 
melanoma, acute lymphoblastic leukemia (ALL)) (reviewed in ref. 14 ) (Table 2). 
Interestingly, a recently described cytokine, limitin, acts via the type I IFN receptor, 
shares sequence homology with type I IFNs ( 15 ) and exerts similar antiproliferative. 
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Table 1 

Classification of Interferons (IFNs) 
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13 


IFN-aPR 
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1 






e 




Brain, lung kidney, 










Small intestine 
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IFN-XR 


II 
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12q24 
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IFN-yR 



Table 2 



Cytogenetic and Genetic Information Regarding IFNs" 



Chromosome 

locus 


Gene 


Chromosome 

aberration 


Malignancy 


9p21-p22 


IFN-a 


Del 9p22 


ALL 

L-L 

neuroblastoma 




IFN-P 


t(8;9) 


ALL 

NHL 


12q24.1 


IFN-y 


Breakpoint after 
Radiatiotherapy 




21q22 


IFN-a/p R 


t(8;21) 


AML M2 




IFN-y R2 


21q 


AML 

CML 



"Abbreviations: ALL, acute lymphoblastic leukemia; L-L, lymphoblas- 
tic leukemia; NHL, non-hodgkin’s lymphoma; AML, acute myelogenous 
leukemia; CML, chronic myelogenous leukemia. 



immunomodulatory, and antiviral effects with IFN-a/[3 ( 16 ) but does not influence 
myeloid and erythroid progenitors ( 17 ). Although a number of IFN species naturally 
occur, IFNa and IFN (3 are the most common subtypes used in the clinical treatment of 
malignancy. 

In contrast, the type II IFN family consists of a sole member, IFN-y, encoded by a 
gene located in chromosome 12q24. IFN-y is produced by T-lymphocytes and natural 
killer (NK) cells in response to antigens and mitogens and exerts its effect via a specific 
receptor, namely IFN-yR. Recently, a new family of cytokines structurally related to the 
type I IFNs and the interleukin- 10 (IL-10) family was described ( 18 , 19 ). These 
cytokines, termed IFN-?il, IFN-?i2, and IFN-?i3, have a significant sequence similarity 
with IFN- a. Their genes are clustered on chromosome 19ql3 and exert their effects via 
a distinct receptor, IFN-?iR. 
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4. THE TYPE I INTERFERON SYSTEM RESPONDS 
TO “DANGER” SIGNAES 

Two general systems of immunity have evolved to recognize and respond to “non- 
self’ and preserve the integrity of the organism: (1) the phylogenetically older innate or 
natural immunity, and (2) the more recently evolved adaptive or specific immunity (20). 
The major difference between these two systems lies in the means hy which “danger” 
signals are perceived. Innate immunity “inflexibly” senses either specific pathogen- 
associated molecular, nonprotein patterns normally not expressed by host tissues or 
endogenous molecules released from “stressed” cells. For example, in bacterial and 
viral infections molecular patterns are recognized by a limited number of host cells’ 
recognition structures, termed pattern recognition receptors (PARs). Among the PARs 
are Toll-like receptors (TLRs), CD14, complement receptors (CR1/CD35), [32-integrins 
(CD 1 1/CD 18) and C-type lectins (21 ). Innate immunity has proven importance in tumor 
immunosurveillance. If “cellular stress” is induced in cancer cells leading to necrotic 
cell death, upregulation of heat shock proteins (hsp) which chaperone tumor associated 
antigens to immune cells may occur (22) (Section 7 B). In contrast, specific immunity 
is almost infinitely adaptable, mediated by receptors on lymphocytes that predomi- 
nantly recognize peptide-MHC complexes. This system provides a broad range of 
immune responses against molecular structures other than carbohydrates. 

Endogenously produced type I IFNs provide an important link between innate and 
specific immunity by regulating the function of immune cells in both arms of the 
immune response. They are constitutively expressed at a low level, which is important 
for immunosurveillance and cell growth (23,24). Upon exposure to “danger” stimuli 
type I IFNs are produced in vast amounts. Although all cells can produce type I IFN 
under appropriate stimulation, the capacity to secrete type I IFNs in detectable amounts 
in peripheral blood appears to be restricted to specialized cells. These cells were termed 
“plasmacytoid T-cells” and were originally identified in T-cell dependent areas of lymph 
nodes in patients with infectious diseases as well as the peripheral blood. More precise 
immunophenotypic characterization recently revealed that these cells represent an 
innate effector cell that migrates from peripheral blood to lymph nodes during infection 
or to the primary tumor site (25). It functions as a professional IFN-producing cell at 
the precursor stages and as a professional antigen-presenting dendritic cell upon termi- 
nal differentiation (26-28). Therefore these cells may play a crucial role in finking the 
innate and adaptive immune systems, acting as early sensors of “danger” signals and 
“sounding the alarm.” 

Binding to several but not all pattern-recognition receptors results in upregulated pro- 
duction of endogenous type I IFNs. Of these, TFRs are the major receptors for various 
pathogen-associated molecular patterns in the innate immune system (reviewed in ref. 
29). TFRs comprise a family of 10 members (TFR TIO), are phylogenetically con- 
served proteins structurally related to the Drosophila Toll protein and are expressed on 
antigen presenting cells (APCs), including macrophages and dendritic cells (Table 3). 
TFRs are type I transmembrane proteins characterized by an extracellular domain com- 
posed of leucine-rich repeats and an intracytoplasmic domain conserved in members of 
the interleukin-1 receptor (IF-IR) family (TolFIF-lR or TIR domain) (Fig. 1). The TFR 
expression profile on APCs varies, accounting for the induction of different sets of 
proinflammatory cytokines in response to the respective TFR ligands from invading 
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Classification of Toll-like Receptors (TLR) 
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Fig. 1. An example of how “nonself’ stimuli (e.g., double-strand RNA) are “sensed” via Toll-like 
receptors (TLR) and lead to activation of interferon (IFN) gene expression. Activation of the TLR-3 
results in sequential recruitment of “adapter” molecules (i.e., TICAM-1) and “assembly” of the virus- 
activated kinase (VAK) complex consisting of kinases (TRAF6, TAB2, TAKl) that activate two three- 
protein complexes (TANKl-TBKl-IKKe and IKKa-IKK(3-IKKy). These complexes activate the IFN 
regulatory factor-3 (IRF-3) and nuclear factor kappa B (NF-kB) which activate the IFN-(3 gene expres- 
sion by interacting with positive regulatory elements in its promoter, such as the IFN-stimulated respon- 
sive and NF-kB response elements (ISRE and NF-KBre) Abbreviations; activated; TANK, TRAF 
family member associated NF-kB activator; TBK, TANK binding kinase; IKK, inhibitor of IkB kinase. 



pathogens ( 30 ). Their ligands are both endogenous and exogenous molecular pattern 
molecules. Upon stimulation, TLRs activate transcription factors, such as NF-kB, AP-1 
and IRFs, leading to production of inflammatory cytokines, up-regulation of costimula- 
tory molecules ( 31 ) and chemokine receptors ( 32 ) and suppression of regulatory T-cells 
( 33 ) (Fig. 1). For example, TLR-3 is highly specific for type I IFN production hy 
interferon-producing cells (IPCs) and monocytes may explain the “hurst” of type I IFN 
production during viral infection. In contrast, the role of endogenous type I IFN pro- 
duction in tumor immunosurveillance ( 23 ) may he linked to endogenous TLR-4 lig- 
ands, such as hsps or [3-defensins, which are released hy damaged cells undergoing 
necrotic death. These ligands have been reported to be effective stimuli for the matura- 
tion of DCs and their ability to trigger a type 1 polarized immune response in vivo. 
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Furthermore, these ligands have the ability to chaperone tumor associated antigens to 
APCs (22,34-36). 

Other pattern recognition receptors may affect type I IFN gene expression. Thus, (32- 
integrins, such as the leukocyte function-associated antigen- 1 (LFA-1, or CD 1 1 a/CD 18) 
which mediates both antigen-dependent and antigen-independent cellular adhesion, are 
important for IFN-a production by IPCs (37). Similarly, lectins (38) and the F^yrecep- 
tor II (F^yRII, CD32) (39) are potent inducers of IFN-a production via complex inter- 
nalization. Blood dendritic cell antigen-2 (BDCA-2), another type II Ctype lectin, that 
is presumably involved in internalization processing and presentation, is uniquely 
expressed in IPCs and potently inhibits IFN-a/(3 expression (40). Also, histamine type 
2 receptors similarly mediate inhibition of IFN-a production by IPCs which along with 
modulation of other inflammatory cytokine production (i.e., -I TNF-a, -I IL-12p70, 
T/^ IL-10) may partially account for the polarization of naive T-cells towards a 
phenotype (41). 

In summary, cellular damage, apoptosis, and pathogen associated molecular patterns 
bind to specific receptors, and lead to the production of endogenous type I IFN and 
other inflammatory cytokines. The resulting cytokine profile induces changes that prime 
the immune system to more efficiently prepare for an adaptive immune response. 

5. REGULATION OF TYPE I INTERFERON GENES 

Transcriptional regulation of type I IFN genes has been studied extensively in the pro- 
totype response to viral infection and is mediated via a complex mechanism involving 
interaction among specific transcription factors, chromatin and chromatin-remodeling 
complexes. For both IFN-a and IFN-(3 genes, transcription is mediated via 5'-flanking ex- 
acting regulatory sequences that show some degree of homology with each other 
(reviewed in ref. 42). The regulatory sequences consist of repeated hex nucleotide consen- 
sus motifs (AA(A/G)(T/G)GA), termed vims responsive elements (VREs), which func- 
tion cooperatively and contribute to gene expression, presumably by interacting with 
trau5-acting regulatory factor(s). Interestingly, the IFN-(3 gene promoter contains another 
c/5-eIement which is absent in the IFN-al gene, the binding site for the transcription fac- 
tor NF-KB/H2TFI, which maximally induces the IFN-(3 gene transcription. 

In the search for trans-acting factors involved in virus-induced activation of IFN gene 
transcription, a growing family of transcription factors, termed IFN regulatory factors 
(IRFs), was discovered (reviewed in ref. 43). These factors bind to VREs and enhance 
or suppress lEN gene expression. Their expression may be constitutive or may be 
induced in response to stimuli. In addition, the expression of some VREs is ubiquitous, 
whereas others are confined to specific cell types (Table 4). 

Viral infection has been the prototype to study the regulation of type I lEN gene tran- 
scription. Both IRE-1 and IRE-2 are constitutively expressed at low levels intracellu- 
larly, but IRE-1 has a much shorter half-life than IRE-2. In the absence of external 
stimuli, the effect of accumulation of IRE-2 and the histone deacetylation (23) result in 
a trancriptionally silent state of type I lEN genes thereby allowing a low-level of 
endogenous type I lEN production (Eig. 2). This spontaneous IENa/(3 production, 
though yet unexplained, may have physiologic significance by ensuring a rapid and 
effective response of the host to effectively induce IENa/(3 genes, “reving up the 
engine” to promptly adapt to environmental changes, such as viral infection (24). 




Table 4 

Name Classification of IFN Regulatory Factors (IRF) 

IRFs Regulation Tissues expressed Action Comments 

1 Upregulated upon viral Ubiquitous Antiviral, -bacterial T'A, ~30 min transactivated 
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A Inactivated state 
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B Viral infection-early phase 




C Viral infection-late phase 




Fig. 2. Type I interferon (IFN) gene regulation has been most extensively studied in the viral infec- 
tion model and is under the influence of positive (^, IRF-1, IRF-3, IRF-7) and negative regulators 
(^I, IRF-2). In the absence of external stimuli (“inactivated state”. A) there is always a low grade of 
type I IFN gene expression. In the early phase (B), membrane pattern recognition receptors (e.g. Toll- 
like receptors) activate, among others, IRF-3, a factor which is constitutively expressed, though inactive. 
A limited expression of type I IFN species is expressed along with type I IFN gene enhancers (IRF-7). 
At later stages (C) massive amounts of broader species type I IFNs are produced. Abbreviations: IRF, 
interferon regulatory factors. 
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The exact mechanism of gene regulation of different IFN-a suhtypes is under inves- 
tigation hut it seems that intracellular levels of IRFs, such as IRF-3, -5, and -7, influ- 
ence the formation of homo-/heterodimers of IRFs which have different affinities for 
IFN-a and IFN-[3 promoters. IRF-1 and IRF-2, the first two members of this family, 
were shown to hind the IFN-(3 gene promoter hut with different effects (i.e. IRF-1 acti- 
vates whereas IRF-2 “silences” transcription) ( 44 , 45 ). 

In the early phase of viral infection the constitutively expressed IRF-3 is activated hy 
phosphorylation, resulting in weak and efficient activation of IFN-a4 and IFN-[3 genes, 
respectively, induction of IRF-7 and IRF-1 gene expression and further increase of 
IFNa/p proteins. In the late phase of viral induction both IRF-3 and IRF-7 amplify the 
induction of IFN-P and certain other IFN-a genes ( 46 ). The exact mechanism of gene 
regulation of different IFN-a subtypes is under investigation but it seems that intracel- 
lular levels of each IRF influences the formation of specific homo-/hetero-dimers, 
which have different affinity for different IFN-a promoters. Also different cell types and 
inducing agents may affect the constitutive expression levels of different IRFs ( 47 , 48 ). 

6. INTERFERON-a/p SIGNAEING 
6.1. The Type I Interferon Receptor 

IFN-a and IFN-P were originally thought to exert their effects via distinct receptors, 
however in 1994 a universal receptor for type I IFNs was described ( 49 ). The type I IFN 
receptor is a heterodimer comprised of two transmembrane subunit receptor chains des- 
ignated IFNAR-1 (or a subunit) and IFNAR-2 (or P subunit) ( 50 ). Although congenital 
inactivating mutations for the type I IFN receptor have not been described in human 
families ( 51 ), targeted gene inactivation (“knockout”) of the type I IFN receptor in mice 
results in accelerated tumor development after inoculation of mice with diverse tumor 
cell lines ( 52 ), alluding to the role of endogenous type I IFNs in tumor surveillance ( 23 ). 
The genes for the type I IFN receptor subunits are colocalized in chromosome 21q22 
and phylogenetically may have stemmed from a common ancestor gene within the 
immunoglobulin superfamily ( 53 ). 

A number of factors contribute to the transcriptional regulation of IFNA-R. The 
IFNA-R gene expression follows a diurnal rhythm related to cell cycle distribution, 
namely being higher during the S phase and the mid-morning hours ( 54 ) which may in 
part account for the circadian dependence of antitumor activity of all IFNs ( 55 ). 
Hydroxyurea, an inhibitor of DNA synthesis and cell proliferation causing accumula- 
tion of leukemic cells in the early S phase, also increases IFN-a receptor expression 
( 56 ) which may explain earlier reports about the stronger antiproliferative effect of 
IFN-a in nonproliferating cells compared to exponentially growing cells ( 57 ). 
Similarly, recombinant IFN-y was shown to upregulate both IFNAR-1 and IFNAR-2 
genes ( 58 ) which could be the basis for the synergistic action of type I and type II IFNs 
in innate and adaptive immunity. Also, 9-c/5-retinoic acid causes upregulation of 
IFNAR expression both at the mRNA and the protein level in a human hepatoma cell 
line ( 59 ), which may provide the basis to explain the synergistic effects of retinoids and 
type I IFNs in a variety of neoplastic diseases ( 60 ). 

A number of studies have shown that the expression of the IFNAR-2 subunit is asso- 
ciated with treatment response in a variety of diseases ( 61 , 62 ). IFNAR-2 is expressed in 
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all leukocyte subsets and is higher in monocytes and granulocytes than in lymphocytes; 
in the latter IFNAR-2 expression is higher in natural killer (NK) cells than any other 
lymphocyte subset (63). In several tumors both the pretreatment level of IFNAR-2 (64) 
and its downregulation by IFN-a therapy is associated with clinical response and favor- 
able outcome (65). Therefore, IFNAR-2 expression may be used as a clinical surrogate 
marker for response to IFN-a. 

6.2. Signaling through the IFN-aJ^ receptor 

Binding of type I IFNs to their common receptor involves initial binding to IFNAR-2^. 
subunit and subsequent recruitment of the a subunit (Fig. 3). This results in dimerization, 
creating the high affinity site essential for activation. The (3^ subunit is the binding sub- 
unit, and the a subunit is necessary to form high-affinity receptors. The [3s subunit, 
though nonfunctional, based on current knowledge, could potentially form a complex 
with the a- and |3j^ subunits after their dimerization (60). Type II cytokine receptors, like 
the IFNo/[3 receptor, lack intrinsic tyrosine (Tyr) kinase activity; this is counteracted by 
their noncovalent association of Janus kinases (JAKs) (reviewed in ref. 66). 

JAKs are considered the “transcellular doorway” through which cytokine-mediated 
signals must pass. They exert their effect by activating signal-transducer-and-activator- 
of-transcription proteins (STATs) via Tyr phosphorylation (Fig. 3). Interestingly, the 
activated JAK protein kinases do not have specificity for a particular STAT substrate and 
it appears that the initial specificity for most STAT activation is determined by specific 
interactions between STATs and receptors (67). Thus, within the cytoplasmic domain of 
each of the IFNAR subunits two JAKs and two STATs are directly preassociated: Tyk-2 
(68) and STAT-3 (69) for the a subunit, JAK-I (70) and STAT-2 (71), for the |3 subunit. 
Other indirect preassociations involve: (I) IRF-9, a member of the IFN regulatory fac- 
tor of proteins (Table 4), with STAT-2 (72), (2) STAT- 1 with the [3 subunit via the recep- 
tor for activated protein kinase C (RACKI) protein (73), (3) STAT-5 with Tyk-2 (74) 
and (4) insulin receptor substrate (IRS) protein- 1 and -2 with Tyk-2 (75). 

Binding of type I IFNs to their receptor induces dimerization of the two receptor sub- 
units and Tyr phosphorylation of JAK-I and Tyk-2 (76) (Fig. 3). Once Tyk-2 is activated, 
it can then cross-phosphorylate JAK-I. The phosphorylated IFNA-R subunits provide a 
docking site for STAT2 via its SH2 domain (77), whereby STAT- 1 is recruited to the 
receptor complex by the RACKI adapter protein (78). Here STAT- 1 associates with 
STAT-2 and IRF-9 to form the IFN-stimuIated gene factor 3 (ISGF3) (79). The ISGF3 
complex then translocates to the nucleus to drive the expression of IFN-a responsive 
genes. Within the ISGF3 complex, STAT-2 provides the essential transcriptional activa- 
tion domain (80) whereas STAT- 1 and IRF-9 contribute primarily to the selectivity and 
stability of DNA binding (81). Independent of IRF-9, activated STATs may also form 
heterodimers (1-2) or homodimers (STAT — I-I, 3-3, 5-5). These alternative STAT pro- 
tein complexes can induce the expression of specific genes (82) via binding to palin- 
dromic consensus sequences termed y-activated sequences (GAS). Interestingly, 
different dimers preferentially interact with individual sequence patterns (83). The STAT- 
2 component of ISGF3 can also interact with CREB-binding protein (CBP)/p300 tran- 
scription factor (84), the ATP-dependent chromatin-remodeling factor BRGI 
(Brahma-related gene I) (85), and the histone acetylase protein GCN5 (86) to activate 
several IFN-a regulated genes. Similar to STAT-2, activated Tyk-2 activates STAT-3 (87) 
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Fig. 3. The pleiotropic effects of type I IFNs (IFN-a/P) can be explained by activation of multiple sig- 
naling pathways beyond the JAK/STAT pathway. In the resting state (left hand) several direct ( ; 

Tyk-2, JAK-1, RACKl, STAT-2, and STAT-3) and indirect associations ( ; STAT-1, STAT-3, STAT-5, 

IRF-9, IRS-1/2) are formed with the type I IFN receptor subunits (see text). Many other 
molecules-components of signaling transduction pathways (e.g, CrkL, PI-3’K, STAT-4) are acti- 
vated/associated with the type I IFNR complex only after its activation (right hand). Upon activation, 
type I IFNR subunits dimerize, their preassociated JAKs are mutually activated, and several phospho- 
rylated sites on subunits provide docking sites for STATs and subsequent events (see text). 
Abbreviations; activation; IRS, insulin receptor substrate; PI-3’K, phosphatidylinositol 3-kinase; 
Rap, receptor for activated protein kinase C; ISGF3, IFN stimulated gene factor 3; ISRE, IFN stimu- 
lated response element; naked numbers indicate type of STATs (e.g., 1 is STAT-1, 2 is STAT-2 etc.). 



and IRS-1/-2 ( 75 , 88 , 89 ) which independently mediate recruitment and activation of the 
regulatory suhunit (p85) of phosphatidylinositol 3-kinase (PI3'-kinase). Activated STAT- 
2 may also recruit and phosphorylate STAT-4 ( 90 ). This event is important for the upreg- 
ulation of IFN-y gene in T-lymphocytes and T helper (Tj^l) development ( 91 ). 
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Binding of type I IFN to its receptor can result in signal transduction through a num- 
ber of STAT-independent pathways (Fig. 3). These pathways either cooperate with 
JAK/STAT pathways hy fully activating STATs via serine (Ser) phosphorylation or 
induce gene transcription via STAT-independent mechanisms. For example, activation of 
PI 3'-kinase, PKC-6 and STATS has been observed following stimulation of cells with 
type I IFNs. These STAT-independent signaling events may play a role in mediating 
growth inhibition or augmenting phosphorylation of specific STAT proteins ( 92 - 96 ). 

Ligand binding to the type I IFN receptor may account for signaling “cross-talk” 
induced by other cytokines. This is mediated by the association of the IFNAR-1 subunit 
with subunits belonging to other cytokine receptors. Thus, subthreshold IFN-0(/[3 signaling 
is important to maintain the IFNAR-1 subunit in a phosphorylated form, thereby providing 
sites for the IFN-y activated STAT-1 to undergo elFicient dimerization via association of the 
(3 subunit of the IFN-y receptor (IFNGR-2) with the IFNAR-1 subunit ( 97 ). Similar to 
IFN-y signaling, IL-6 signaling is adequate only in the presence of constitutively activated 
IFNAR-1 subunit which provides sites for efficient dimerization of STAT-1 and STAT-3 via 
possible association of the IFNAR-1 and the common cytokine subunit gpl30 ( 98 ). The 
importance of the involvement of STAT-1 in cytokine signaling cross-talk was shown in 
mice with gene targeted inactivation of STAT-1 ( 99 ). These mice exhibit increased fre- 
quency in developing spontaneous tumors ( 100 ) along with susceptibility to mycobacterial 
and viral infections as was shown in humans with genetic STAT-1 deficiency ( 101 ). 

A major challenge in the study of IFNAR signaling is to identify the molecular mech- 
anisms underlying the functional differences in expression profiles among type I IFNs 
which signal through a sole receptor. Although there are several unresolved structural, 
kinetic and thermodynamic issues, it appears that: (a) the degree of binding affinity of 
the receptor-ligand complex does not correlate with the ultimate function (i.e. antipro- 
liferation, antiviral activity), and (b) although the structural differences among com- 
plexes of IFNAR-2 with different type I IFNs are probably minor, only the distribution of 
binding energy on the same set of residues is dilferent ( 60 ). Moreover, a region in the [3 
subunit is important for IFN-(3 signaling ( 102 ) and IFN-[3 but not IFN-a treatment selec- 
tively associates the a and (3^ subunits of the IFNAR ( 103 ) implying that such differ- 
ences in signaling among the type I IFNs rely on induction of specific conformational 
changes made by each ligand. 

It has become apparent that the Jak/STAT signaling pathway may represent a molec- 
ular target that could be modulated to increase IFN-responsiveness. For example, prim- 
ing of both human peripheral blood mononuclear cells and melanoma cell fines with 
IFN-y has been shown to upregulate ISGF3 components. The resulting cells displayed 
an augmented response to subsequent treatment with IFN-a ( 104 , 105 ). Recent studies 
have also shown that IL-12 pretreatments could lead to an increase in endogenous IFN-y 
production, resulting in upregulated expression of key signaling intermediates (STAT- 1 , 
STAT-2, IRF-9) within both tumor cells and host immune effectors ( 106 ). Importantly, 
upregulation of these signaling components ultimately led to protection of mice against 
lethal challenge with B16 melanoma tumors, and increased in vitro sensitivity to lower 
doses of IFNa. These data underscore the importance of the Jak/STAT signaling path- 
way in IFNa responsiveness, and suggest that it could be an effective therapeutic target 
for enhancing the antitumor activity of IFNa. This hypothesis is currently being tested 
in a Cancer and Leukemia Group B (CALGB)-sponsored Phase II clinical trial of IL12 
and IFN-a in patients with metastatic melanoma (CALGB 50001). 
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Fig 4. Mechanisms of downregulation of type I interferon (IFN) signaling. (A) Suppressors of 
cytokine signaling (SOCS-1, -3) and the protein inhibitor of activated STAT-1 (PIAS-1) inactivate 
JAKs and STATs, respectively. For the SOCS-3, specifically, the mechanism involves upregulation of 
SOCS-3 gene expression by tumor necrosis factor-alpha (TNF-a) and IL-10 signaling pathways. The 
regulation of PIAS-1 gene expression in IFN-a/|3 signaling is unknown but it has been shown that its 
effect on inactivation of STAT-1 is blocked by the protein arginine methyl-transferase PRMTl which 
interacts with the a chain of the type I IFN receptor and activates STAT-1 by arginine methylation. 
(B)‘ ‘Cross competition” between cytokine receptors (e.g., IL-12 receptor) and type I IFN receptor for 
limited amounts of JAK proteins. Abbreviations; ^ I, inactivation; TNF Rl, TNF-a receptor type. 



6.3. Downregulation of IF N-aJ^ Signaling 

Although great progress has been made towards an understanding of the molecular 
mechanisms responsible for the activation of JAK/STAT signaling pathways, few stud- 
ies have examined the downregulation of IFN-a/[3 signaling. Treatment of Jurkat cells 
with increasing physiologic doses of IFN-(3 resulted in a dose-dependent loss of 
IFNAR-1 from the cell surface membrane and increasing nonphosphorylated STAT-1 
( 107 ). Also, the available Tyk-2 for interaction with IFNAR may be restricted under 
conditions when other cytokine receptors which use Tyk2 for signaling become acti- 
vated concurrently (i.e., IL-12) ( 108 ). Inactivation of the JAKs or STATs by other pro- 
teins is the dominant mechanism for the transient nature of IFN-a/[3 signaling. A family 
of molecules, termed suppressors of cytokine signaling (SOCS), are intracellular pro- 
teins several of which have shown to regulate the responses of immune cells to 
cytokines (reviewed in ref. 109 ). SOCSs can directly interact with JAKs thereby inhibit- 
ing their catalytic activity and directing associated proteins, such as JAKs or receptors, 
for ubiquitin-mediated proteasomal degradation (Fig. 4). SOCS-1 and SOCS-3 inhibit 
IFN signaling (both type I and II) by interacting with Tyk2 and block nuclear transloca- 
tion of STAT-1 ( 110 ). Furthermore, high expression of SOCS-1 and SOCS-3 has been 
proposed as a mechanism of resistance to IFN-a treatment in CML ( 111 , 112 ). Both 
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tumor necrosis factor-a (TNF-a) and IL-10 inhibit IFN-a signaling by inducing expres- 
sion of SOCS-3 mRNA (113,114). 

Similar to JAK inactivation, the regulation of STAT action is mediated by a diverse 
group of proteins (reviewed in ref. 115). Thus, STAT-1 activation is terminated by pro- 
tein tyrosine phosphatases (PTPases) which dephosphorylate STAT-1 resulting in rapid 
export back to the cytoplasm (116). Also, the protein inhibitor of activated STAT-1 
(PIAS-1), member of the PIAS family of proteins, binds and inhibits activated STAT-1 
(117) and is an important downregulator of type I IFN immune response (118) (Fig. 4); 
the PIAS- 1 — STAT- 1 interaction may be prevented by methylation of the arginine (Arg) 
residue-31 of STAT-1 protein during IFNAR-1 activation (119). Increased knowledge 
regarding the negative regulatory aspects of JAK/STAT signal transduction could lead 
to novel therapeutic targets, and a greater understanding of individual responsiveness to 
IFN-a immunotherapy. 

7. INTERFERON-a/p ACTION; NON-IMMUNE 
MEDIATED MECHANISMS 

7.1. Antiproliferative Effects of Type I IFNs 

Type I IFNs have well established antiproliferative activity potentially accounting for 
their therapeutic effects in malignancy (120) and their detrimental actions during IFN- 
a2b therapy, such as bone marrow suppression. The downstream targets of IFN’s 
antiproliferative action are a growing list of molecules, including cell-cycle regulatory 
proteins (reviewed in ref. 121). All phases of the cell cycle are susceptible to IFN- 
inducible arrest, and different cell types are targeted at different stages. IFN-a may inter- 
fere with the growth promoting effects of other cytokines and can upregulate expression 
of the cyclin dependent kinase inhibitors (CKI) pl5, pl9 and p21 ( 122-124). In contrast, 
IFN does not upregulate the p27 protein (125) which interacts with cyclin dependent 
kinases (cdk) cdk2 and cdk4; the end result is inhibition of G1 cell cycle progression. 
Conversely, IFN-a downregulates cyclin D3 (major component of the cyclin D-associated 
cdk4 and cdk6 kinase) and cdc25A mRNA (phosphatase regulating the activity of cdk2-cyclin 
kinases) (126) causing a G^j-like state. The net result is that the retinoblastoma protein 
pRb, which controls entry into S phase of the cell cycle, remains activated either by inter- 
ference with its phosphorylation by cdks or by inactivation by CKIs. The activation of 
pRb, along with the suppression of c-myc (127) and E2F-1 (a subunit of E2F) (128) 
mRNA expression complements cell cycle arrest blocking entry into S phase. 

lEN-a upregulates a growing number of lEN-inducible genes, termed hemopoietic 
interferon-inducible nuclear proteins with a 200 amino acid repeat (HIN-200) which 
block cell growth via mechanisms that are sometimes cell-cycle dependent (reviewed in 
ref. 129). The best studied example is p202 which interacts with a number of transcrip- 
tion factors, including the p53-binding protein 1 (p53bp), NE-kB, AP-1 (c-fosIc-Jun), 
cmyc and E2E resulting in loss of their transcriptional regulatory activities (130-134). 
The end result is tumor suppressor activity in a variety of cancers (135-137). p204, 
which has predominantly nucleolar localization, inhibits ribosomal RNA (rRNA) tran- 
scription by binding to the upstream binding protein (UBE), a component of the RNA 
polymerase I multiprotein complex, and inhibiting UBE’s binding to the ribosomal 
DNA (rDNA) promoter (138). Another HIN-200 member, lEI 16, interacts directly with 
p53 increasing its transcriptional activation (139). 
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A mechanism for limiting the number of cell divisions in normal cells is the loss of 
telomeric sequences at each cell division ultimately activating the cellular senescence 
program. Once telomeres have been truncated below a critical threshold cell death 
occurs (140). The activation of the RNA-dependent DNA polymerase, termed telom- 
erase, results in replication of telomeric sequences, and upregulation of the catalytic 
subunit, hEST2, ultimately leading to the immortalization of cancer cells (141). IFN-a 
inhibits telomerase expression in cancer cells redirecting their mitotic status to replica- 
tive senescence possibly via downregulation of the c-myc proto-oncogene (142). 

7.2. At the Interface Between Cell Stress, 

Damage, Apoptosis, and Survival 

Type I IFNs have dual and unpredictable effect on cell survival. Recent studies have 
used oligonucleotide arrays to examine gene expression in melanoma cell lines follow- 
ing stimulation with type I IFN. Interestingly, a number of genes were identified as IFN- 
induced that have a pro-apoptotic effect (143). Type I IFNs are generally considered 
nonapoptotic but may render cells apoptosis-prone when they act in concert with other 
proapoptotic mediators, such as TNF-a (144). The net result is dependent on the cell 
type, its differentiation state, the type of extracellular stimuli and the activation state of 
other pathways regulating apoptosis. These data provide a rationale for the administra- 
tion of IFN-a in combination with other cytotoxic agents. 

The double stranded RNA (dsRNA)-activated protein kinase PKR is a ubiquitously 
expressed enzyme initially characterized as a translational inhibitor during antiviral 
response (145). Although IFNs induce increased expression of PKR (146), the newly 
synthesized protein is inactive. Activation of PKR prototypically occurs after binding to 
dsRNA (147), but it can also be activated by a variety of other nonviral, diverse stimuli 
(148-150) via stress-activated protein kinases (151,152). Conversely, small interfering 
RNAs (siRNAs), potent reagents for directed post-transcriptional gene silencing, may 
upregulate IFN-[3 response via PKR activation (153). Therefore, activated PKR is an 
important mediator of cellular stress responses by modulating the action of multiple 
substrates involved in growth control, survival and apoptosis, including upregulation of 
the endogenous type I IFN signaling. 

Thus, type I IFNs have both PKR-dependent and -independent effects on cell stress. 
Type I IFNs may protect cells from oxidative stress by upregulating antioxidant 
enzymes (154). The effect of IFN-y in upregulation of hsp expression is more estab- 
lished (155)\ however type I IFNs selectively upregulate hsp96, a major component of 
the endoplasmic reticulum, and an accessory to antigen presentation by MHC class I 
molecules (156). Activated PKR during cell stress increases hsp70 by stabilization of its 
mRNA (157). Hsps are potent and abundant intracellular agents that under normal con- 
ditions interact with the entire intracellular content (including but not limited to invad- 
ing pathogens) by assisting in protein folding, and overseeing interaction with other 
proteins and/or degradation. During cellular stress leading to necrotic cell death, hsp- 
peptide complexes are released from cells and are sensed by surface receptors on anti- 
gen presenting cells thereby making the host aware there is a nonspecific loss of 
physical integrity. This initiates a series of events associated with innate immunity, 
including peptide representation (reviewed in ref. 158). The role of hsps as adjuvants to 
tumor antigen peptides has recently been demonstrated by successful induction of in 
vivo immune response to a variety of malignancies suggesting an alternative approach 
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to immunotherapy of tumors (159). In summary, type I IFNs play a major role in cellu- 
lar stress by upregulating components of the host’s “danger signal system.” 

Type I IFNs exert a pro-apoptotic effect via interactions with several downstream 
effectors. These may include upregulation of the activating ligands of the death receptor- 
mediated apoptotic machinery, such as the Fas ligand (FasL) (160) and the Tumor 
necrosis factor-related apoptosis-inducing ligand (TRAIL) (161,162), direct activation 
of caspases from both the intrinsic and extrinsic pathway in a PKR independent fash- 
ion (163), or suppression of inhibitors of apoptosis, such as the Z-linked mhibitor of 
apoptosis (XIAP) associated factor-1 (164). Activated PKR inhibits eukaryotic initia- 
tion factor 2 (eIF2a) and subsequent translational initiation, thereby inhibiting protein 
synthesis, growth inhibition and apoptosis (165). Activated PKR directly activates cas- 
pases, components of the apoptotic cascade (166,167) or indirectly activates other tran- 
scription factors which are involved in apoptotic signaling (reviewed in ref. 168). The 
2! — 5' oligoadenylate (2-5A) is another IFN-inducible enzyme during antiviral response 
which activates the 2' — 5' A-dependent RNase L ribonuclease leading to cleavage of 
single-stranded RNA and inhibition of protein synthesis (169). In several malignancies 
degradation of RNA by RNase L is an important mechanism of tumor control 
(170-172). Activated or overexpressed RNase L induces apoptosis by activating mito- 
chondrial caspases (173) and mutations in RNase L gene have been identified in famil- 
ial cases of hereditary prostate cancer (174). Members of the regulators of IFN-induced 
death (RID) family of proteins, such as the RID-2/IHPK2 (inositol hexakisphosphated 
kinase), may induce cell death possibly by forming diphosphoinositol pentakiphosphate 
(InsPSPP) from inositol hexakisphosphate (IP6), facilitating assembly of the death- 
inducing signaling complex (DISC) (175,176). Phospholipid scramblase, one of the 
most strongly inducible IFN-responsive genes, has an important role in apoptosis by 
promoting transbilayer movement (“flipping”) of phosphatidylserine to the outer leaf of 
the cell membrane in response to injury or apoptosis thereby serving as a surface marker 
for recruited phagocytes to recognize and eliminate apoptotic bodies (177). In several 
murine models the surface expression of phosphatidylserine affects tumorigenic poten- 
tial by limiting cell growth and promoting apoptotic cell death (178). 

Type I IFNs also have a significant, though ambivalent effect, on NF-kB, an impor- 
tant transcription factor for cell survival and cell proliferation (reviewed in ref. 179), 
which has been shown to be constitutively expressed in a variety of tumor cell fines 
(180). Thus, the IFNA-Rl^STAT-3^PI-3K^Akt^lKB kinase pathway leading to acti- 
vation of the anti-apoptotic NF-kB has been described in Daudi cells (93) in accordance 
with the survival effect of type I IFNs in T- (181) and B-lymphocytes (182). In contrast, 
IFN-a either directly (144,183,184) or via IFN-inducible proteins (132) suppresses NF- 
kB activation in a variety of cancer cell lines in keeping with its tumor suppressive 
effect (185). In conclusion, the effects of type I IFN on apoptosis vary and thus should 
be individually investigated for every cell type. 

7.3. Effect on Cell Differentiation 

In accordance with their antiproliferative and growth inhibitory role, type I IFNs have 
a well established effect on differentiation of normal cells (186-188). Intuitively, there is 
a fink between the processes of terminal differentiation and cell cycle progression because 
a cell that cannot arrest will not be able to differentiate. This process is normally mediated 
by a group of “dilferentiation genes” encoding a wide variety of proteins, including 
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nuclear transcription factors (Hox, engrailed, and PAX), secreted factors (Wnt, TGF(3) 
and cell surface receptors (Wnt) (189-192). Each of these genes is regulated in an oppo- 
site manner hy at least two sets of genes, “differentiation suppressor genes” (Id family, 
c-myc, cyclins), and tumor suppressor genes (p53, pRh, (193). Type I IFNs 

allow the differentiation program to occur hy favoring the expression of proteins causing 
cell cycle arrest, and subsequent exit from the cell cycle (132,194). More specifically, 
type I IFNs activate the two cell-cyle proteins most closely linked to differentiation, 
namely pRh and p 2 ff'P/wafi -phe retinohlastoma protein pRh relieves the cell from the 
action of Id-2, a member of the Id family of proteins which inhibit differentiation by 
sequestering basic helix-loop-helix (bHFH) transcription factors (195). 

Similar to normal cells, type I IFNs may induce differentiation in a variety of cancer 
cell types either alone (196-198) or in combination with other differentiation inducing 
agents (199-202). This “tumor reprogramming” is partially mediated by modulating the 
expression of cell adhesion molecules (CAMs), which play an important role in deter- 
mining the overall tissue architecture by binding cells to each other and to the internal 
cytoskeleton (homotypic homophylic interactions; reviewed in ref. 203). For example, 
the expression of cadherins, negatively correlated with cancer aggressiveness 
(204-206), is upregulated by IFN-a in different malignancies (207-209) and normal 
cells (210). Other CAMs may promote cell adhesion and prevention of metastasis via 
heterotypic (i.e. between different cells)-heterophylic (i.e. between different CAMs) 
interactions. Normal levels of F-selectin (CD62F), a carbohydrate binding protein 
which mediates adhesion of leukocytes to endothelial cells (heterotypic heterophylic 
interactions), are restored in early hemopoietic progenitor (CD34''') cells of CMF 
patients treated with IFN-a (211 ). Also, [3j integrin-mediated cell adhesion is optimized 
via mechanisms involving increased protein expression (212,213). Finally, IFN-a may 
prevent or promote tumor cell metastasis via integrin-mediated mechanisms (214,215). 

The role of type I IFNs alone or with other differentiation agents in the terminal dif- 
ferentiation of melanoma cells has been extensively studied. Treatment of melanoma 
cells with IFN-[3 alone or with the antileukemic compound mezerein (MEZ) results in 
irreversible growth arrest, altered cellular morphology, modifications in antigenic phe- 
notype, and increased melanogenesis (202). The repertoire of genes modulated during 
growth arrest and terminal differentiation includes genes involved in the cytoskeleton 
(vimentin, fibronectin), cytokine signaling and response (IF-8, ISCF-3), RNA process- 
ing (heterogenous nuclear ribonucleoprotein, core protein Al) and genes from the mda 
family (mda-l to 7) (216). These encode for proteins causing cell cycle arrest (mda-6, 
p 2 iCip-i/sdi-i), growth suppression/apoptosis (mda-5, mda-l), or differentiation (mda-5, 
mda-9). The role of mda-l remains to be elucidated (217-219). 

7.4. Effect on Angiogenesis 

Tumor angiogenesis is the result of an imbalance in pro and anti-angiogenic molecules 
(reviewed in ref. 220). Type I IFNs can potentially restore this imbalance by a variety of 
mechanisms including reduced expression of several pro-angiogenic mediators, such as 
the vascular endothelial growth factor (VEGF) (221), basic fibroblast growth factor 
(bFGF) (222,223), IF-8 (224,225) and leptin (226). In fact, reduction of serum IF-8 lev- 
els but not of serum VEGF or bFGF during adjuvant IFN-a2b therapy for resected AJCC 
stage III and IV melanoma was noted in a small (n - 22) study (227). IFNa also down- 
regulates matrix metalloproteinase-2 and -9 (207), enzymes involved in the degradation 
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of the extracellular matrix and basal membranes, and upregulates various IFN-inducible 
chemokines, such as Mig and IP-10 (228), which attract lymphocytes into tumors and 
elicits a type 1 T helper (Tj^l) (response [229], reviewed in ref. 230). In addition, IFN-a 
affects the production of free radical producing enzymes, namely cyclooxygenase- 1 -2 
(231) and nitric oxide synthase II (232-234) which have a anti-angiogenic effect at cer- 
tain levels and exert direct effects on endothelial cells causing growth arrest, pro-angio- 
genic factor starvation-mediated apoptosis (232), and blockade of endothelial cell 
migration (235). 

In summary, type I IFNs are of the most potent angiogenic inhibitors known. Further 
understanding of their effect may be gained by defining the optimal dose and schedule 
(not always the maximally tolerated dose) (reviewed in ref. 236) and by combining 
them with other angiogenic inhibitors, such as thalidomide and tamoxifen, for a syner- 
gistic, anti-angiogenic effect (237,238). 

8. INTERFERON-a/p ACTION; 

IMMUNE MEDIATED MECHANISMS 

8.1. Introduction 

There is increasing evidence that endogenously produced IFNs play a vital role in 
innate resistance to a wide variety of infectious agents and tumors. Constitutive low- 
grade production of IFN occurs in almost all nucleated cells in the body with a probable 
preventative intent (reviewed in refs. 23,24). IFN can also be produced en masse by the 
specialized plasmacytoid dendritic cells during infection. This mechanism of production 
establishes a connection between innate and adaptive immunity affecting cellular com- 
ponents in both arms of the immune response (antigen presenting cells and lymphocytes 
(reviewed in ref. 239). Exogenously administered IFN likely functions by manipulating 
the normal homeostasis of the innate immune system. High systemic concentrations of 
IFN stimulate more potent cytotoxic activity by immune effectors, expression of costim- 
ulatory molecules and activation markers, and upregulation of MHC Class I expression. 
The following portion of the chapter highlights the biologic effects of IFNs on immune 
effectors and recent work investigating the mechanism of action of exogenous IFN-a. 

8.2. Role of Type I IFNs Acting on and Deriving 
From Antigen Presenting Cells 

Dendritic cells are the fundamental “third party” for the two other components of the 
immune system, namely antigens and lymphocytes, to establish immunity (reviewed in ref. 
240). They arise, upon different signals, from many different progenitor cells of myeloid or 
lymphoid origin leading to heterogenous DC subpopulations (241 ). In their immature state 
they are located in most tissues where they constantly “sample” their microenvirorment by 
capturing and processing antigens and displaying them in large amounts on their surface in 
a MHC-peptide fashion. The presence of exogenous antigens, direct stress and signals from 
necrotic cells activate DCs but not healthy or apoptotic cells (34). Upon activation they 
mature by upregulating co-stimulatory molecules and migrating to lymphoid organs where 
they present antigens to lymphocytes resulting in their activation. 

Type I IFNs have an important role at all stages of DC and monocyte/macrophage 
differentiation, maturation and function. Thus, type I IFNs upregulate expression of sev- 
eral TLRs on macrophages optimizing their antigen presenting function (242). Vice 




358 



Part IV / Cytokines in the Treatment of Cancer 



versa, TLRs induce type I IFN production in DC subsets ( 243 ) and macrophages by 
induction of several genes during macrophage activation, such as chemokines (IP- 10, 
MCP-5) and free radicals (NO) ( 244 ). Type I IFNs have differential effects on the two 
major subsets of immature DCs, namely the myeloid CDl Ic'' DCs (pDCj) and the lym- 
phoid CDllc" DC (PDC 2 ) ( 245 ). Type I IFNs act as maturation factors for pDC^s by 
upregulating class I and class II MFIC (HLA-A, -B, -C, -DR) and costimulatory mole- 
cules (CD80, CD83 and CD86); and by downregulating CDla and CDl lb lineage 
markers ( 186 , 246 ). In addition, type I IFNs serve as differentiation-inhibiting factors for 
PDC 2 S by blocking the maturation effect of IL-3. Type I IFNs applied in vitro at an ear- 
lier timepoint of the differentiation process of CD14''' monocytes, progenitor cells for 
pDC^s, have an inhibitory effect, leading to decreased cell viability ( 247 ). The effect of 
type I IFNs is enhanced during ongoing differentiation by both increased expression by 
maturing DCs in an autocrine fashion ( 248 ) and upregulation of the IFNRl on their sur- 
face ( 249 ). These effects are synergistic with other cytokines, such as TNF-a, IFN-y, 
IL-4, granulocyte-monocyte colony stimulating factor (GM-CSF) and prostaglandin E 2 
(PGE 2 ) ( 250 ). Therefore, the origin of DC precursors (lymphoid vs myeloid), the stage 
of their differentiation (early vs late), and the type and sequence in which DCs 
encounter cytokines may all differentially affect DC maturation and function. 

Type I lENs switch the expression of several molecules via DC mediating mechanisms 
thereby affecting APCs or other effector cell function. Thus, lEN-a induces different sets 
of chemokines and their receptors on APCs affecting their maturation- trafficking pat- 
tern. More specifically, type I lENs upregulate the chemokine receptor CCR7, its natural 
ligand, MIP-3(3, and the Tj^j chemokine, IP-10, on the maturing antigen-loaded pDCjS 
thereby facilitating their migration to the T-cell zone paracortical area of draining lymph 
nodes to encounter CCR7 expressing specific T-cells ( 251 ). Mycobacterium tuberculosis 
(MTB) infected DCs produce type I lENs which act in an autocrine/paracrine fashion to 
induce the expression of the chemokine CXEIO which may recruit NK, Tj^^ and T^j cells 
to the site of infection; the cells then can directly destroy MTB infected cells and pro- 
duce lEN-y, stimulating macrophage activation ( 252 ). They also upregulate the expres- 
sion of CCRl and CCR3 chemokine receptors on monocyte-derived cell subsets ( 253 ). 
Adjuvant treatment in stage III melanoma with intravenous adjuvant lEN-a upregulated 
expression of transport proteins associated with antigen processing (TAPI and TAP2) 
and proteasome activator 28 in peripheral blood mononuclear cells ( 254 ). In addition, 
type I lENs also have a major effect on B-cell function and survival via effects on APCs. 
lEN-a upregulates the B-lymphocyte stimulator protein (BEyS) and the proliferation- 
inducing ligand (APRIE) which both activate a CD40-like pathway enhancing B-cell sur- 
vival and promoting isotype class switch DNA recombination to C , and even in 
IgD''' and/IgM''' B-cells ( 255 ). 

Eymphoid DCs (pDC2s) are the major producers of type I lEN. The DC-derived type 
I lENs act in an autocrine manner for further type I lEN production or induction of other 
DC-derived cytokines, such as IL-15, which have an activation and survival effect on 
DCs ( 248 , 256 , 257 ). These lEN producing cells may be inefficient stimulators of naive 
T-cells but may potently expand nonpolarized antigen-primed IE-2-secreting T-cells 
towards a Thl polarized phenotype ( 258 ). However, DC-derived type I lENs also have 
immunomodulatory effects that “shape” innate and adaptive immune responses. The 
paradox of suppression of IE- 12 production from myeloid DCs (pDCjS) ( 259 ) may 
represent another mechanism of crossregulation between DC subsets and reflect the 
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delicate balance among different innate cellular responses (type I IFN-mediated strong 
NK cell IFN-y secretion vs IL-12-mediated activation of CD4^ cells and T-lymphocyte 
cytotoxicity) (260). 

8.3. Role on NK Cells and Other Lymphocyte Subsets 

Further evidence that type I IFNs are an important link between innate and adaptive 
immunity is their effect on lymphocytes. Induction of NK cell-mediated proliferation and 
cytotoxicity were the earliest described immunologic effects of type I IFNs (261-263). 
Type I IFNs also induce polyclonal activation of CDS''' cells during viral infections (264), 
and may also mount potent antitumoral cell-mediated cytotoxicity (265,266). The mech- 
anism of this activation is thought to be by the activation of a multitude of STATs (1,3, 
4, 5a, 5b) which lead to upregulation of the a chain of IL-2R (CD25), cmyc and pim-I 
oncogenes (267), MHC class I molecules in both the tumor and the lymphocytes (268), 
and probably anti-apoptotic genes (264). Further IFN-a production from DCs may occur 
via complex DC T-cell interaction resulting in full activation of naive T-cells (269). 

In patients with metastatic melanoma response to IFN-a was associated with an 
increase in the number of tumor infiltrating CD4''' cells, an overall marker of favorable sur- 
vival, possibly by reversing the tumor-induced immunosuppressive environment (270). 
Type I IFNs influence CD4''' cell differentiations towards a Tj^l response by antagonizing 
the suppressive effect of IL-4 on IFN-y secreting CD4''' cells (271 ), suppressing IL-5 pro- 
duction by CD4''' cells (272) and upregulating the P 2 chain of IL-I2 receptor (273) in a 
STAT-4 dependent fashion (274). This Tj^I cell polarization is also reflected in the type I 
IFN-induced differential lymphocyte traffic control pattern with upregulation of L-selectin 
(lymph nodes), cutaneous lymphocyte-associated antigen (CLA) (skin) (275) and the 
chemokine receptor CCR5 indirectly (276). Thus, locally produced type I IFN may con- 
tribute to the influx of Tj^l rather than Tj^2 lymphocytes at the inflammatory site, such as 
skin or lymph nodes. In keeping with their antiproliferative effect in cells, type I IFNs 
exert an antiproliferative effect on lymphocytes via interaction of IFNARI with compo- 
nents of T-cell receptor signaling, such as CD45, ZAP-70 and Lck (277). This effect may 
be partially overcome by mitogenic stimuli depending on the activation state of lympho- 
cytes (278). This restriction of rapid lymphocyte proliferation during activation may slow 
the process of activation-induced cell death (181,182). This anti-apoptotic effect of type I 
IFNs is NF-KB-dependent and has well been described in Daudi cells (93). 

Despite the well established boosting effect of type I IFNs on lymphocyte function, 
they also exert multiple immunomodulatory effects, namely they affect both B- and T- 
cell lymphopoiesis by inducing several immunohistochemical changes in thymic tissue 
(279) and they directly suppress the IL-7-mediated early stages of lymphocyte develop- 
ment (280). Type I IFNs mediate early activation of lymphocyte response during viral 
infections via a common intracellular mechanism that is predominantly STAT-I depend- 
ent (279,281 ). This may result in suppression of lymphocyte mediated IFN-y production 
seen during early stages of viral infections. During later stages of lymphocyte activation 
unknown mechanisms regulating STAT-I activation allow type I IFN stimulation of 
IFN-y expression (280). 

IFNa likely contributes to the formation and maintenance of immunologic memory. 
Adenoviral-IFNA-a-engineered DCs delivered into intracranial tumors in mice 
enhanced antitumor efficacy of prior vaccination with an ovalbumin-derived MHC class 
Il-restricted epitope (282). Administration of high dose IFNa following vaccination 
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leads to immunologic recall of gplOO-specific CDS'*' T-cells ( 283 ). This finding has 
important implications for the maintenance of memory T-lymphocytes, and suggests 
that IFN-a may potentially he useful in cancer vaccines to assist in overcoming 
immunologic tolerance to tumor antigens. 

8.4. The Relationship Between Signal Transduction Within 
Host Immune Effectors and the Response to Exogenous IFN-a 

It has been well established that many antiviral effects of IFNa are mediated through 
STAT-1. However, in the setting of tumor immunotherapy, the precise molecular targets 
responsible for mediating the activity of IFNa have not been identified. Interestingly, 
recent studies in a murine model of malignant melanoma have provided evidence sup- 
porting the role of STAT-1 within host NK cells in mediating the antitumor effects of 
IFN-a ( 284 ). These data point to a critical role for immunomodulatory effects of exoge- 
nously administered IFN-a in the setting of melanoma. Altered immune function has 
been routinely reported for tumor-bearing animals and cancer patients. Some of the 
observed defects include diminished levels of lymphocyte cytotoxic activity and prolif- 
eration ( 285 , 286 ), altered delayed type hypersensitivity, impaired production of Tj^^ 
cytokines, and reduced NK cell activity ( 287 , 288 ). Alterations in specific signal trans- 
duction molecules have also been reported in tumor infiltrating and peripheral lympho- 
cytes ( 289 ). For example, defects in the T-cell receptor zeta chain (TCRQ, p56(lck) 
kinase, ZAP-70 expression and NF-kB activation have been correlated with stage of dis- 
ease and prognosis in patients with melanoma and renal cell carcinoma ( 290 , 291 ). 
Therefore, it is also likely that inherent defects in signaling within host immune effec- 
tors could influence responsiveness to exogenous IFN-a. In fact, a recent study has 
demonstrated that basal levels of phosphorylated STAT-1 (P-STATl) were significantly 
lower in peripheral blood mononuclear cells (PBMCs) of melanoma patients when 
compared to levels in PBMCs from normal, healthy donors ( 292 ). These data suggest 
that altered signaling and perhaps downstream expression of IFN-a-responsive genes 
might be altered in immune effectors of patients with malignancy. 

9. FUTURE DIRECTIONS AND CHAEEENGES 

IFN-a and other cytokine-based therapeutics have emerged as a promising strategy 
for the treatment of cancer. A major advantage is that they represent a broad-based treat- 
ment strategy that can be used across groups of patients, regardless of HLA-haplotype 
and in a variety of disease settings. Unfortunately, the greatest setback to optimizing 
their usage is a lack of knowledge of the specific mechanisms leading to efficacy or tox- 
icity in subsets of patients. These challenges underscore the need to devise improve- 
ments and design combinations rationally, and then to apply this therapy in patients with 
the highest likelihood of responding to therapy ( 293 ). 

Future research is in place to gain a better understanding of the molecular mecha- 
nisms and cellular compartments that mediate the activity of exogenously administered 
IFN-a. We are hopeful that advances in technology, and improved understanding 
of both tumor cells and the host immune system will uncover surrogate markers of 
IFN-a-responsiveness or toxicity. These challenges represent an important avenue of 
research, and may lead to new therapeutic combinations of immunomodulatory strate- 
gies to combat human malignancies. 
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1. INTRODUCTION 

Cytokines represent a diverse group of small, soluble polypeptides that are involved 
in regulating a wide range of physiologic processes, including inflammation, tissue 
repair, and immunity. The expanding role of cytokines in these processes and the iden- 
tification of over 100 putative cytokine family members have made it difficult to easily 
classify cytokines based on structure or function. In addition, many cytokines exhibit a 
variety of biologic activities and these effects may be dependent on the concentration, 
timing, and duration of target cell exposure to a given cytokine, as well as the influence 
of other cytokine and growth factors in the local microenvironment. In fact, much of the 
early characterization of cytokines was based on simple in vitro experiments, which 
have failed to accurately predict the activity of cytokines in vivo. More recent investi- 
gation using targeted knockout mice and analysis of cytokine signaling pathways is 
leading to new insights into the biology of many cytokines. This is perhaps best exem- 
plified by interleukin-2 (IL-2), originally described as a T-cell growth factor and defined 
by its ability to induce T-cell proliferation in vitro. Such ex vivo studies predicted that 
IL-2 would function to promote cellular immunity through expansion of naive T-cell 
populations in vivo. The availability of IL-2 and IL-2 receptor knockout mice, however, 
demonstrated that in the absence of IL-2 signaling T-cell proliferation was increased, 
significant lymphadenopathy occurred, and animals succumb to aggressive autoimmune 
disease. This unexpected result suggests that IL-2 may actually function in vivo, not as 
a T-cell stimulant, but rather as a regulatory cytokine maintaining peripheral tolerance 
through balancing effector and regulatory T-cell pools (1). 
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The cytokines were initially described as soluble factors released by immune cells 
with a biologic effect on the cells releasing the cytokine, also referred to as an autocrine 
effect. Today it is clear that whereas cytokines may have a local role at the site of their 
synthesis and release, the effects can mediate interactions between cells and tissues at 
distant sites, also referred to as a paracrine effect. The complexity of the cytokine net- 
work is inherent in the fact that different cells can produce the same cytokine, many 
cytokines have similar or overlapping activities, cytokine receptor expression is often 
tightly regulated and can bind more than one cytokine, and the effects of any individual 
cytokine must be considered within the context of other cytokines, growth factors, and 
the status of cellular differentiation at the time of exposure. Thus, cytokines differ from 
hormones in several key respects, most notably that cytokines rarely have a single cell 
of origin and exert biologic effects on a wider array of target cells. Despite this current 
view of cytokine biology, many cytokines were named for the cells from which they 
were first identified or for other functional activities that were known before the factors 
were recognized as a cytokine. For example, cytokines released by leukocytes were ini- 
tially referred to as interleukins, those from monocytes as monokines, and so on. The 
ability to interfere with viral replication led to the term “interferons” for these cytokines 
and TNF was named for its ability to induce necrosis in transplantable murine tumors. 
A relatively new class of cytokines was termed “chemokines” for their ability to induce 
chemotaxis of immune cells, although these molecules are now known to mediate a host 
of other biologic effects. 

Although cytokines are diverse in structure and function, the cytokine receptors appear 
to be more conserved and share a higher degree of sequence homology allowing them to 
be grouped into distinct families. The type-1 cytokine receptors generally form multimeric 
complexes with a single chain binding to soluble cytokine and another chain inducing 
cellular signaling. The extracellular component of the type-1 cytokine receptor is notable 
for a highly conserved 200-amino-acid sequence with four positionally conserved cys- 
teine residues providing structural integrity to the receptor. The intracellular component of 
the type- 1 receptor is unusual in that it lacks intrinsic tyrosine kinase activity. The type-2 
cytokine receptors also form multimeric complexes with conserved extracellular domains. 
In contrast to the type-1 receptors, type-2 receptors contain intracellular domains with 
binding sites for Janus kinases and STAT proteins. Table 1 lists some of the cytokines that 
are specific for each receptor. By convention the a subunit of the cytokine receptor is the 
chain that binds cytokine and other designations are used for those chains that are involved 
in cellular signaling. Many of the cytokine receptors exist in soluble form through prote- 
olytic cleavage of the membrane bound receptor complex. The tumor necrosis factor 
a (TNF-a) and chemokine receptors differ from the typical cytokine receptors. 

The clinical utility of cytokines as single-agent therapy in human disease has been 
well documented and represents one of the most successful applications of immunother- 
apy. Interferon-a (IFN-a) is approved for the treatment of some forms of hepatitis, 
chronic myelogenous and hairy cell leukemia, Kaposi’s sarcoma, and as adjuvant therapy 
for stage III malignant melanoma. IFN-[3 has shown effectiveness in multiple sclerosis. 
High-dose IL-2 has become the standard treatment for metastatic renal cell carcinoma 
and melanoma. A major obstacle to wide acceptance of single agent cytokine therapy 
has been the disappointing low response rates in many advanced malignancies and the 
often significant toxicity associated with effective treatment regimens. Our improved 
understanding of the signaling pathways for specific cytokines coupled with better 
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Table 1 



Cytokine Receptor Usage" 



Type-1 cytokine 


Type-2 cytokine 


TNF-receptor 


Chemokine 


receptor 


receptor 


family 


receptors 


IL-2 (P subunit) 


INF-a 


TNF 


CCRl-10 


IL-3 


INF-P 


CD40 


CXCRl-5, DARC 


IL-4 


INF-y 


Fas 


XCR 


IL-5 


IL-10 


CD30 


CX3CR1 


IL-6 




CD27 




IL-7 

IL-9 

IL-11 

IL-12 

EPO 

GM-CSF 

G-CSF 

FIF 

CNTF 




NGFR 





"CCR, CC chemokine receptor; CNTF, ciliary neurotrophic factor; CXCR, CXC 
chemokines receptor; CX3CR, CX3C chemokines receptor; G-CSF, granulocyte 
colony stimulating factor; GM-CSF, granulocyte-macrophage colony stimulating 
factor; EPO, erythropoietin; IL, interleukin; IFN, interferon; LIF, leukemia inhibitory 
factor; NGFR, nerve growth factor receptor; TNF, tumor necrosis factor; XCR, XCR 
chemokines receptor. 



knowledge of the complex biologic effects of cytokine networks has renewed interest in 
the potential for combining cytokine agents as an approach to patients with a variety of 
cancers. The potential for two cytokines to act synergistically has been demonstrated in 
vitro and in animal models, producing effects both qualitatively and quantitatively dif- 
ferent than either agent alone ( 2 , 3 ). There is now a more solid scientific basis on which 
to select specific combinations of cytokines for clinical investigation. This chapter will 
summarize some of the more well-established combination regimens that have been 
tested in patients and suggest areas for future research using novel combination 
cytokine therapy for the treatment of cancer. 

2. INTERFERON COMBINATIONS 

The interferons comprise a family of closely related factors secreted by cells in 
response to viral infection, reviewed extensively in Chapter 19. The type I interferons 
include three classes in humans, including about 20 species of IFN-a, a single IFN-(3, 
and a single IFN-CO. In contrast to the many different type I interferons, IFN-yis the only 
type II interferon. There is strong preclinical data suggesting that IFN-y plays a pivotal 
role in tumor immunosurveillance and rejection although the relevance of this for 
human cancers is not well defined. Despite the importance of IFN-y in these animal 
models, most of the beneficial effects of interferons for human cancer have focused on 
IFN-a2b. The mechanism of antitumor activity is not fully established and may be 
multi-factorial. There is evidence that IFN-a2b has direct effects on tumor cells, char- 
acterized as inhibition of cell proliferation, up-regulation of surface HLA complexes 
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and increased expression of certain tumor antigens. In addition, IFN-a2b promotes 
immune recognition of tumor cells through enhanced dendritic cell antigen processing 
and presentation. When administered at low doses, IFN-a2b may also have anti-angiogenic 
effects which can contribute to tumor rejection. 

The interferon’s have been among the most widely studied cytokines in a variety of 
combinations with early, largely in vitro, evidence for synergy between specific inter- 
feron family members and with other cytokines. The IFN receptors are members of the 
type-2 cytokine receptor family and so much of the recent effort has concentrated on 
using IFN-a2b with other cytokines that target TNF-related or type-1 cytokine recep- 
tors. Since IFN-a was first purified in 1978 a large number of clinical trials have been 
conducted with intriguing results in selected cases. To date, however, there have been 
no randomized studies supporting the superiority of any combination interferon 
cytokine regimen for cancer. 

2.1. Interferon-a (IFN-a) and Interferon-j (IFN-j) 

Several early studies in the late 1970’s suggested potential synergy between IFN-a 
and IFN-y in vitro (2). A randomized phase II trial of IFN-a with or without IFN-y, as 
well as a nonrandomized study of combination therapy, in patients with untreated 
chronic myelogenous leukemia (CML) demonstrated no clinical benefit to the combi- 
nation. Furthermore, severe life-threatening and even fatal toxicity was seen in a small 
minority of patients (4,5). 

In light of the effective management of patients with carcinoid tumors using single- 
agent IFN-a, 12 patients with liver metastases with documented biochemical or radi- 
ographic progression were treated with a combination of IFN-a and IFN-y (6). Toxicity 
typical of interferons was seen, comparable to what might be expected with single-agent 
therapy. At 6 months, there was one biochemical response, and whereas half the 
patients had subjective improvements in symptoms, no objective radiographic 
responses were noted. 

In preclinical experiments using intralesional injections of IFN-a and IFN-y com- 
plete regression of human breast cancer cell xenografts in nude mice was observed, 
whereas lesser responses were seen when either agent was given alone (7). These 
investigators pursued a clinical trial of combination IFN treatment in patients with cuta- 
neous recurrent breast cancer (7). Five of seven lesions treated with the combination 
regressed compared to responses in 5 of 11 recurrences treated with IFN-a alone. 
Characterization of cellular responses within injected lesions treated with the combina- 
tion therapy included inhibition of mitotic activity, increased expression of antigens on 
tumor cells, activation of macrophages and dendritic cells, T-cell infiltration, and acti- 
vation of endothelium with increased expression of HLA-DR and ICAM-1. 

After observing synergistic effects of IFN-a, IFN-y, and 5-fluorouracil (5-FU) against 
a colon carcinoma cell line, investigators at the National Cancer Institute performed a 
pilot trial of this combination in patients with advanced cancer for whom 5-FU was a 
reasonable treatment option, including patients with colorectal, pancreatic, gastric, 
esophageal, and liver cancer (8). Fifty-three patients were treated with escalating doses 
of IFN-y once the tolerability of IFN-a, 5-FU, and leucovorin was confirmed. Objective 
clinical responses were seen in more than 40% of the colorectal cancer patients, and, 
because IFN-a and IFN-y seemed to have opposite effects on 5-FU clearance, the total 
chemotherapy dose did not seem to be responsible for these encouraging results. 
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Finally, on the basis of several phase-II studies showing conflicting but ultimately 
encouraging results for the combination of IFN-a and IFN-yin the treatment of renal cell 
carcinoma, the European Organization for the Research and Treatment of Cancer 
(EORTC) Genitourinary Group performed a randomized phase-III study comparing single- 
agent lEN-a therapy to combination treatment ( 9 - 11 ). A planned interim analysis 
revealed a lower response rate ( 4 % vs 13%) for the combination arm, despite equivalent 
dose intensity for the lEN-a. This disappointing result was confirmed in another random- 
ized phase-II trial performed by the Eastern Cooperative Oncology Group (ECOG) ( 12 ). 

2.2. IFN-a and Tumor Necrosis Factor-a (TNF-a) 

TNE-a has been widely studied for its antitumor activity with little evidence of direct 
therapeutic benefit as a single agent. Because TNE-a and lEN-a exert their effects 
through separate receptors, the potential for synergistic effects have led to numerous 
clinical investigations. Kramer et al. published a phase-I study of local intratumoral 
TNE-a and systemic IEN-a2b in patients with locally advanced prostate cancer after 
preclinical data suggested synergistic inhibition in the growth of both androgen-depend- 
ent and independent prostate cancer cell lines ( 13 , 14 ). Ten patients were treated with the 
combination and nine achieved a statistically significant reduction in prostatic volume. 
Serum prostate specific antigen (PSA) levels dropped by 18-87%, reaching nadir 
values at 7 weeks, but no objective clinical responses were seen in patients with 
metastatic disease. The regimen was quite tolerable with toxicity primarily confined to 
flulike syndrome and mild nausea. The authors concluded that the administration of the 
combination regimen was feasible and might be relevant for those patients with locally 
advanced, hormone-refractory prostate tumors not amenable to surgical resection. 
Eollow-up clinical trials comparing this regimen with radiation or hormonal manipula- 
tion have not yet been completed. 

2.3. IFN-yand TNF-a 

Two Phase-I studies were conducted combining TNE-a and lEN-y. Smith et al. eval- 
uated the maximally tolerated dose (MTD) of each agent given intramuscularly (IM) 
every other day for 20 days in 36 patients with a variety of pretreated solid tumors ( 15 ). 
Toxicides included fatigue, anorexia, and chills; a small minority of patients developed 
asymptomatic transaminitis or microscopic hematuria. Minimal efficacy was seen at the 
established MTD, although a single patient with melanoma had a mixed response and 
another patient with mesothelioma transiently cleared his ascites of neoplastic cells. 
Schiller et al. performed a similar study using these same cytokines given intravenously 
three times a week in 24 patients with advanced cancer ( 16 ). Dose-limiting toxicities 
comprised orthostatic hypotension and constitutional symptoms, resulting in a MTD 
that was similar to the previously reported study. Biologic correlates of response were 
evaluated in a select cohort of patients treated at the defined MTD, revealing several 
markers of enhanced immune function including increased serum IE-2 receptor levels 
and neopterin secretion. Retrospective analyses comparing these results with prior 
phase-I studies of each agent alone, however, did not reveal a benefit to combination 
therapy. No clinical responses were noted. 

These agents were also studied in combination with melphalan as part of a hyperther- 
mic isolated limb perfusion (HIEP) protocol in patients with melanoma ( 17 ). Higher 
response rates were seen than with melphalan alone but no data regarding DET were 
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pursued. These results were confirmed in subsequent clinical trials by other groups ( 18 ). 
The efficacy of this combination was also documented in patients with nonmelanoma 
skin cancers of the limbs in a multicenter phase-II clinical trial, producing a 60% com- 
plete response rate and an 80% limb salvage rate ( 19 ). 

2.4. IFN-y and Granulocyte -Macrophage 
Colony -Stimulating Factor (GM-CSF) 

Irradiated hepatoma cells transduced by viral vectors encoding GM-CSF combined 
with systemic IFN-y administration showed reduced tumor formation in murine models 
( 20 ). As a result, Reinisch et al. performed a pilot study of these two agents in patients 
with advanced, inoperable liver cancer ( 21 ). Thrice-weekly GM-CSF and biweekly 
IFN-y was administered subcutaneously to 15 patients. No serious toxicities were noted, 
but only one partial response was seen; parameters compatible with immunogenic 
response were seen in all treated patients but did not correlate with clinical outcome. 
Interestingly, the median survival of those patients with inducible HLA-DR on hepatoma 
cells was significantly increased relative to HLA-DR-negative cases as well as a sepa- 
rate control group, suggesting that perhaps, for a select group of liver cancer patients, 
this combination might be worthwhile. 

2.5. IFN-a and GM-CSF 

Several groups have pursued combinations with IFN-a and GM-CSF in patients 
with cancer. In a trial of renal cell carcinoma patients, Lummen et al. treated 21 patients 
with GM-CSF at seven different dose levels between 15 and 300 |lg in combination with 
IFN-a at a fixed dose of 10 X 10® lU thrice weekly for 12 wk ( 22 ). The MTD of GM- 
CSF was 150 |lg, with the major dose limiting toxicity being grade 3 constitutional 
symptoms. Fifteen patients were evaluable for response, with two exhibiting complete 
regression of lung metastases; no partial responses were reported. A dose -response rela- 
tionship could not be identified. In another clinical trial, O’Donnell et al. treated 15 
patients with IFN-a three-times weekly and daily GM-CSF, at similar dose levels ( 23 ). 
In this trial, treatment was well-tolerated, but only 13% of patients responded and none 
had complete regression. 

The combination of IFN-a and GM-CSF has also been reported in patients with gas- 
trointestinal cancers. This has been based, in part, by previous observations that GM- 
CSF ameliorated 5-FU-related diarrhea and allowed for greater chemotherapy dose 
intensity ( 8 ). Furthermore, there is considerable evidence that IFN-a induces enhanced 
cytotoxicity of 5-FU in vitro ( 8 , 24 ). Thirty-one patients with no previous treatment for 
metastatic disease received IFN-a (5 MU/m^ sc days 1-7), 5-FU (370 mg/m^ IV days 
2-6), Leucovorin (500 mg/m^ IV days 2-6), and GM-CSF (250 |lg/m^ sc days 7-18), 
every 3 wk. Objective clinical response rate was 21%, perhaps slightly higher than in 
unselected patients treated with 5-FU and leucovorin alone. Toxicity appeared to be 
improved in the hematologic categories but at the expense of increased nausea, vomit- 
ing, and fatigue. 

A number of groups have evaluated the use of GM-CSF to prevent cytopenias caused 
by IFN-a and zidovudine in the treatment of Kaposi’s sarcoma (KS). Krown et al. 
treated 17 HIV patients with extensive KS using zidovudine at standard doses, escalating 
doses of IFN-a (5, 10, or 20 MU), and titrated GM-CSF to maintain the absolute neu- 
trophil count between 1 and 5 x 10^ cells/L ( 25 ). Forty-one percent of patients had 
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objective clinical responses. The MTD of IFN-a was 20 MU, with fever and constitu- 
tional symptoms constituting the dose limiting toxicity; neutropenia was not a limiting 
factor in dose escalation or maintenance therapy. 

3. INTERLEUKIN COMBINATIONS 

Interleukins are a broad group of cytokines initially identified from leukocytes and 
thought to play a major role in immune activation and expansion of specific effector cell 
populations. Today it is recognized that interleukins are members of the wider class of 
cytokine molecules and exhibit an array of biologic functions that collectively help reg- 
ulate normal immune cell homeostasis. The best characterized interleukin is IL-2, 
which was first identified as a T-cell growth factor in the late 1970s. The ability of IL- 
2 to expand T-cells in vitro revolutionized cellular immunology. IL-2 was also used to 
support T-cell survival following adoptive therapy in patients with cancer. These early 
studies in the 1980s resulted in subsequent trials of single agent IL-2 and durable objec- 
tive responses were observed in patients with metastatic renal cell carcinoma and malig- 
nant melanoma {see Chapter 17). Although overall objective responses were generally 
less than 20%, most complete responders were eventually cured of disease. Single agent 
IL-2 was approved for the treatment of renal cell carcinoma in 1992 and for metastatic 
melanoma in 1998. Although the high-dose regimens have been associated with consi- 
derable toxicity, thus far lower doses of IL-2 have not been associated with acceptable 
clinical responses. Management of toxicity is usually possible in experienced centers 
with staff trained in the administration of high-dose IL-2. 

Under normal physiologic conditions, IL-2 is produced predominantly by activated 
T-cells and binds to the high affinity IL-2 receptor (IL-2R). The IL-2R is a classical 
type-1 cytokine receptor composed of three distinct subunits, which all contribute to IL-2 
binding. The IL-2Ra chain is highly expressed on activated T-lymphocytes as well as 
the regulatory T-cell population, where IL-2 may be critical for maintaining the growth 
and inhibitory function of the regulatory pool. The IL-2R(3 chain contributes to IL-2 
mediated signaling and is also expressed on natural killer (NK), NKT, and CD8''‘ mem- 
ory T-cells. The IL-2 ye chain is also involved in signaling and can be found in a vari- 
ety of other hematopoietic cells. The IL-2(3 chain is also part of the IL-15R complex, 
although these two receptor complexes result in different functional consequences, 
explained in part by differential expression patterns on individual cells. Similarly, the 
IL-2Ryc is also expressed by the receptors for IL-4, IL-7, IL-9, IL-15, and IL-21. 

The significant clinical effects of high-dose IL-2 in melanoma and renal cell carci- 
noma patients, coupled with a large volume of preclinical studies demonstrating thera- 
peutic benefits with combination cytokine therapy including IL-2 has lead investigators 
to undertake similar clinical studies. In some cases treatment regimens have included 
concurrent cytotoxic chemotherapy although randomized clinical trials in melanoma 
have not yielded any evidence of a survival advantage for such an approach. We will 
review some of the more intriguing combinations that have been reported. 

3.1. IL-2 and TNF-a 

The rationale for combining IL-2 and TNF-a was based on early murine studies 
showing that this combination synergistically supported the generation of lymphokine- 
activated killer cells (LAK) (26). The cytokine combination was tested in patients with 




380 



Part IV / Cytokines in the Treatment of Cancer 



advanced nonsmall-cell lung cancer (26). A low dose daily IL-2 infusion was combined 
with daily TNF-a IM injections given at escalating doses. The reported toxicity 
included fever, local injection site reactions, asthenia, and cytopenias, with the dose lim- 
iting toxicity of thrombocytopenia. Twelve patients were evaluable and one partial 
response with three minor responses was observed. All treated patients demonstrated 
biologic responses, including enhanced LAK activity in vitro. 

These same agents were evaluated in parallel phase-I studies using similar doses 
except that IL-2 was given by continuous infusion (27). Eleven of 15 patients developed 
grade 3 or 4 toxicity, predominantly of pulmonary or cardiac origin. Although no objec- 
tive responses were seen, the median survival for these previously-untreated patients was 
more than 1 1 months, with one patient surviving more than 30 months despite the pres- 
ence of metastatic disease, suggesting an improvement over standard chemotherapy. 

The sequential administration of IL-2 and TNF-a was further evaluated in 15 patients 
with advanced solid tumors (28 ) — in total, 46 cycles of therapy comprising IV TNF-a 
followed by escalating doses of daily IL-2 infusions. Major toxicities were comparable 
to that seen with IL-2 alone in previous studies. NK and LAK activity was not enhanced 
by the addition of TNF-a, but two objective clinical responses were seen, both in 
patients with malignant melanoma. 

3.2. IL-2 andlFN-^ 

IFN-(3 has exhibited synergistic activity with IL-2 in terms of increasing IL2R 
expression and stimulating NK cell activity (29). Several groups studied this combina- 
tion in the phase-II setting (29-31). Krigel et al. treated 24 patients with renal cell can- 
cer with 5 X 10® Cetus U/m^ IL-2 and 6 x 10® U/m^ IFN-P intravenously 3 times per 
week (29). A 27% overall response rate was seen, including two responses lasting 
nearly 2 years at the time of publication. LAK and NK activity were significantly 
increased in responders compared to nonresponders (88 lytic units (LU) vs 4 LU and 
288 LU vs 100 LU, respectively), suggesting a correlation between clinical response 
and in vitro immunologic effect. 

The Cancer and Leukemia Group B (CALGB) randomized patients with refractory 
non-Hodgkin’s lymphoma to IL-2 with or without IFN-P at nearly the same dosages as 
above (30). Toxicity in this study was severe with more than a third of patients experi- 
encing grade-4 toxicity, primarily cytopenias and cardiac events, and two patients died 
of treatment-related causes. The response rate was 17% with 1 complete response in 
each arm, and no differences were observed among the groups. However, median sur- 
vival was improved in the combination arm (33% vs 7%) at 18 months. 

The same cytokine combination and dosage was evaluated by ECOG in patients with 
advanced lung cancer ( 31 ). Although only a 4% clinical response rate was observed, the 
median survival was 33 weeks. This was viewed as favorable to results with chemother- 
apy, although the authors could not conclude that the combination was superior to IL-2 
alone. To date, these results have not been confirmed in phase-III trials. 

3.3. IL-2 and Interleukin- 12 (IL-I2) 

IL-12 has been shown to be active in a variety of murine tumor models and is thought 
to mediate tumor regression in a IFN-y-dependent manner (52,55). Gollob et al. treated 28 
patients with advanced solid tumors with IL-12 given intravenously two times per week 




Chapter 20 / Combination Cytokine Therapy 



381 



in combination with subcutaneous low-dose IL-2 ( 34 ). Toxicides were primarily constitu- 
tional and felt to be related to the IL-2. At the MTD, IL-2 significantly augmented IFN-y 
production by IL-12, leading to a threefold expansion of NK cells. One partial clinical 
response and two minor pathologic responses, all in patients with melanoma, were seen. 

3.4. IL-2 and GM-CSF 

A logical combination is IL-2 and GM-CSF because GM-CSF promotes dendritic 
cell mobilization and antigen presentation, whereas IL-2 helps expand recently primed 
T-cells. This particular cytokine combination increased proliferation of cytotoxic T-lym- 
phocytes and enhanced expansion of CD25''' T-cells to a greater degree that either 
cytokine alone ( 35 ). In a phase-I study, Schiller et al. treated 34 patients with advanced 
solid tumors with increasing doses of GM-CSF (2.5, 5, or 10 mcg/kg sc daily for 12 d) 
before or concurrently with IL-2 (1.5 or 3 MU/m^/d by continuous infusion for 4 d) 
( 36 ). Grade 3 and 4 toxicities comprised hypotension, thrombocytopenia, hepatitis, 
nephrotoxicity, gastrointestinal bleeding, arrhythmia, constitutional symptoms, and two 
patients suffered reversible neurotoxicity. CD25 expression increased in the treated 
groups, but LAK activity was lower in the concurrently treated patients compared with 
those treated sequentially. Objective clinical responses in lung metastases were observed 
in four of eight patients with renal cell carcinoma, although no objective responses were 
seen at the primary tumor site. 

Following the phase-I trial, a phase-II study in renal cell carcinoma was initiated. 
Twenty patients were treated with GM-CSF (100 pg/d sc for 2 wk) and IL-2 (II x 10® 
lU sc 4 days per wk for 4 wk) ( 37 ). Treatment was well tolerated with toxicity prima- 
rily confined to low-grade constitutional symptoms. Although there were no objective 
clinical responses, three patients had stable disease. Smith et al. performed a random- 
ized study of low-dose intravenous IL-2 (72,000 U/kg IV every 8 h for 5 d), with or 
without concurrent GM-CSF (125 or 250 pg/m^/d sc for 7 d), in patients with renal cell 
cancer or melanoma ( 38 ). Although GM-CSF did not increase the toxicity of the IL-2 
and serum soluble IL-2R levels were significantly increased in the combination arm (at 
the higher dose of GM-CSF), no clinical responses were seen. 

Using a modified treatment design, O’Day et al. treated 33 patients with 
metastatic melanoma who had achieved a partial response or stable disease on induction 
biochemotherapy, with chronic low-dose IL-2 (I MU/m^ sc daily) and GM-CSF 
(125 pg/m^ sc daily) and intermittent pulses of high-dose decrescendo IL-2 (54 MU/m^ 
by CIV for 2 d of 7 of 12 cycles) over the course of one year ( 39 ). Fifteen percent 
achieved a complete response and 12% maintained SD for at least 6 mo. Overall sur- 
vival was 18.5 mo, comparing favorably to a group of historical controls (overall sur- 
vival of 9.3 mo), suggesting a clinical benefit to such a strategy. The treatment was 
well-tolerated in the ambulatory setting without grade 3 or 4 toxicities. 

Another group of investigators focused on using this combination of cytokines to 
alter the local tumor microenvironment. They injected intralesional GM-CSF 
(150ng/lesion) and perilesional IL-2 (3 MU sc for 5 d every 3 wk) in elderly patients 
with advanced, pretreated melanoma ( 40 ). Among 16 patients, 2 had minor clinical 
responses and 2 had partial responses, whereas 56% had stable disease for at least 3 mo. 
One patient had grade-3 fever and arthralgias, but, otherwise, therapy was well toler- 
ated. No immunological correlates were noted. 
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3.5. Interleukin-4 (IL-4) and GM-CSF 

IL-4 is secreted by a variety of cells, including T-cells, eosinophils, basophils, mast 
cells, NK cells and some antigen-presenting cells (APCs). IL-4 functions to promote ger- 
minal center formation, B-cell development and differentiation, and Th2 type immune 
responses. An important role for IL-4 in combination with GM-CSF has been well estab- 
lished for inducing the maturation of monocytes into dendritic cells both in vitro and in 
vivo (41,42). Therefore, Roth et al. treated a group of patients with advanced solid tumors 
with GM-CSF (2.5 p,g/kg/d sc) alone or in combination with IL-4 (0.5-6.0 p,g/kg/d sc) in 
a pilot study. Combined treatment did increase APC activity in terms of enhanced CDl Ic 
and HLA-DR expression, increased endocytic activity, and the ability to stimulate T-cells 
in a mixed leukocyte reaction, but only one clinical response was noted among 21 patients. 
In this trial, no significant toxicity was described. The same group performed a phase-I 
study of this combination in 21 patients treated with a fixed dose of GM-CSF and esca- 
lating doses of IL-4 (43). The IL-4 MTD was 6 p,g/kg/d, which resulted in grade-3 dysp- 
nea, headache, and thrombocytopenia. Similar to the first trial, HLA-DR expression was 
increased at this dose level, but only one patient had an objective clinical response and 
three patients had stable disease. The authors concluded that perhaps this combination will 
be of value in the vaccine setting to expand dendritic cells in vivo. 

3.6. Interleukin-6 (IL-6) and GM-CSF 

IL-6 is another pleiotropic cytokine first isolated as a B-cell stimulatory factor capable 
of inducing B-cell dilferentiation. IL-6 is a pivotal cytokine in regulating immune 
responses and inflammation. The overproduction of IL-6 has been implicated in the pathol- 
ogy of several inflammatory diseases, including rheumatoid arthritis, Crohn disease, juve- 
nile idiopathic arthritis and others. A phase-I trial of the combination of IL-6 and GM-CSF 
in patients with advanced renal cell carcinoma was conducted after demonstrating minimal 
therapeutic activity with each agent alone (44). Thirteen patients, most previously treated 
with IL-2 or IFN-a, received GM-CSF at 3.0 |lg/kg/d subcutaneously, as well as escalat- 
ing doses of IL-6 (1.0, 5.0, or 10.0 |lg.kg/d) on days 1-14. The dose limiting toxicities were 
thrombocytosis and hyperbilimbinemia, but the most common toxicities were constitu- 
tional in nature. Unfortunately, no objective clinical responses were seen. 

In an attempt to take advantage of the hematopoietic stimulatory nature of IL-6, sev- 
eral studies were designed to add the combination of IL-6 and GM-CSF following 
chemotherapy. Hochster et al. examined this combination, vs placebo and GM-CSF, 
after standard paclitaxel and carboplatin in patients with ovarian cancer (45). IL-6 
treated patients exhibited a statistically improved time to platelet recovery in the first 
cycle only. No increase in the dose intensity of chemotherapy was permitted. Similarly 
discouraging results were seen in children after treatment with ifosfamide, carboplatin, 
and etoposide as salvage therapy for recurrent solid tumors. Although time to platelet 
recovery was reduced in a statistically significant fashion, limited clinical benefit and 
profound constitutional toxicity was reported (46). 

3.7. IL-2 and IL-4 

IL-4 has been shown to increase tumor-specific cytotoxic T-cells in patients with 
melanoma when combined with IL-2, and enhanced LAK/NK cell activity of peripheral 
T-cells isolated from patients with cancer following IL-2 therapy in vitro (47,48). Sosman 
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et al. treated 17 patients with solid tumors using lL-4 (40-600 |lg/m^/d CIV for 7 d), fol- 
lowed by lL-2 (1 1.2 MlU/mVd CIV for 4 d) and a second course of lL-4 in a phase-1 trial 
( 49 ). Dose limiting toxicity, which occurred at the highest dose of IL-4, comprised capil- 
lary leak syndrome. A marked increase in eosinophil number and NK/LAK fractions were 
seen after the second course of lL-4, and one minor, albeit durable, clinical response was 
noted. A follow-up study revealed evidence of eosinophil activation by the combination, 
which was thought to be relevant to the clinical effects of lL-4 ( 50 ). 

Another group administered this combination simultaneously (lL-2 at 9 x 10® lU/m^ sc 
daily for 5 d, and lL-4 at 100-400 P-g/m^ sc daily for 5 d) in 15 patients with advanced can- 
cers ( 51 ). Although constitutional toxicity was most common and of low-grade, grade-3 
and -4 toxicities were seen at the 300 pg/m^ level (MTD was not calculated owing to with- 
drawal of the drug by the manufacturer). Statistically significant increases in several T-cell 
subsets were seen including cytotoxic T-cells and NK cells, but not B-cells. One patient 
with renal cell carcinoma had a partial response. Olencki et al. evaluated 39 patients with 
refractory cancers treated with the combination of lL-2 and lL-4 as well ( 52 ). lL-2 was 
given in escalating doses (3, 12, and 48 x 10® lU/m^ IV three times per week) concurrent 
with lL-4, again in escalating doses (4, 120, and 400 pg/m^ sc three times per week). The 
MTD was not reached owing to insuificient lL-4 availability, but was at least 48 x 10® 
lU/m^ for lL-2 and 120 pg/m^ for lL-4; toxicity was comparable to that seen with lL-2 
alone. NK cell activity was enhanced, but LAK activity was not. Serial biopsies from four 
of the six patients’ tumors revealed increasing class-1 and -11 MHC expression, increased 
T-cell infiltrates, or both during therapy, but no radiographic responses were documented. 

3.8. IL-2 and Erythropoietin 

Preclinical data suggests that vascular endothelial growth factor (VEGF) predicts 
resistance to lL-2 in patients with renal cell carcinoma. Further, anemia-related hypoxia 
has been shown to negatively influence prognosis by stimulating VFGF production. 
Thus, investigators studied that combination of erythropoietin and lF-2 in a phase-11 
clinical trial of metastatic renal cell carcinoma ( 53 , 54 ). Fourteen consecutive patients 
progressing after initial therapy with low-dose subcutaneous lF-2 were treated with 
continued lF-2 (3 MU sc twice daily for 4 wk) and erythropoietin (10,000u sc three 
times per week). VFGF levels increased significantly less in the combination therapy 
cohort, and hemoglobin values increased as expected. Among 12 evaluable patients 
there was one partial response and four patients with stabilization of metastatic disease. 

4. INTERFERON AND INTERLEUKIN COMBINATIONS 

The clinical success of single agent IFN-a and lF-2 and their availability as cancer 
therapeutics has prompted intense interest in the combination of these two cytokines. 
There have been innumerable studies evaluating this combination and these will be 
reviewed herein. Additional studies adding a third cytokine to this regimen have also 
been attempted and will be discussed briefly. 

4.1. IL-2 and IFN-a 

The combination of lF-2 and IFN-a builds on the potential to take advantage of the 
IFN-induced up-regulation of MHC class 1 and tumor-associated antigens on tumor 
cells in the context of lF-2-enhanced generation of cytotoxic T-cells and improved 
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tumor cell killing. This synergy was noted in several animal tumor models and the com- 
bination has been pursued in the phase-I setting using a variety of cytokine doses, 
schedules, and routes of administration ( 55 - 57 ). 

A dose-finding study in 94 patients with metastatic cancer was conducted using IFN- 
a2b administered at a dose of 3-6 x 10^ U/m^ concomitant with IL-2, at 1-4.5 x 10® 
U/m^ ( 58 ). Doses were given intravenously as a bolus every 8 h, up to 15 doses, every 
2 wk for 2 cycles. In 91 evaluable patients, a 27% overall clinical response rate was 
seen; 33% in patients with melanoma, 31% in patients with renal cell carcinoma, and 
1 1 % in those with colorectal cancer. There seemed to be a dose -response relationship, 
borne out with continued follow-up, although survival was not correlated with dose 
( 59 ). The toxicity profile included nausea, vomiting, diarrhea, cytokine-mediated hepa- 
titis, hypotension, capillary leak syndrome necessitating six intubations, and hypoten- 
sion, requiring pressor support in more than 25% of the cycles, comparable to what 
might be expected with high-dose IL-2 alone. 

Huberman et al. treated 17 patients with solid tumors with a fixed dose of IFN-a (6 x 
10® U/m^/d IM 3 d/wk) and escalating doses of IL-2 (1-4 X 10® U/m^/d by 2-h infusion 5 
d/wk for 4 wk) ( 60 ). One of 15 patients responded, but two out of five patients with 
melanoma exhibited tumor regression. Ratain et al. examined subcutaneous IL-2 (0.5-2.5 
MU/mVd) and IFN-a (2.5-12.5 MU/m^/d) in 33 patients with refractory cancers as well 

( 61 ) . No clinical responses were seen in patients with diseases other than renal cell carci- 
noma where 4 out of 16 patients responded. A group from Genoa, Italy studied another 
IFN-o/IL-2 combination in 19 patients with sarcoma, renal cell carcinoma, or melanoma 

( 62 ) . IL-2 was administered in escalating doses ranging from 1-3 MU/m^ sc twice daily, 
5 d/wk, whereas IFN-a was given at a fixed dose of 3 MU IM daily, 5 d/wk, in 3-wk 
cycles. Toxicity correlated with increasing IL-2 doses, but was manageable even at the 
highest level. Three of 19 patients responded, one of seven with melanoma and two of six 
with renal cell carcinoma. Budd et al. performed a dose-finding study using standard IFN- 
a (10 X 10® U/m^ IM 3 d/wk) and IL-2 at doses ranging from 4-26 x 10® U/m^ IV bolus 
three times weekly for 4 wk ( 63 ). Fifty seven patients were treated, tolerating all but the 
highest dose level of IL-2. Nearly a third of patients with melanoma responded, including 
two complete clinical responses, but results were less encouraging in other tumor types. 

Schiller et al. looked at immunological parameters in a small phase-IB randomized, 
crossover study of IL-2 (1.5-3 x 10® U/m^/d by Cl for 4 d, weekly for 3 wk) and IFN-a 
(0.5-5 X 10® U/m^/d sc for 4 d, weekly for 3 wk) vs IL-2 alone ( 64 ). No differences among 
the groups were seen in terms of biologic activity (i.e., LAK activity, monocytic HLA-DR 
and Fc receptor expression, or serum IL-2R expression) or clinical activity. Finally, Cause 
et al. studied an outpatient combination regimen comprising both IL-2 and IFN-a at doses 
of either 1.5 or 3 x 10® MU/m^ sc 5 d/wk for 4-wk cycles (after an initial cycle of IL-2 
alone) ( 65 ). The MTD was 1 .5 MU/m^ of each cytokine owing to grade-3 fatigue. Twenty- 
four percent of patients with renal cell carcinoma responded (including four of eight pre- 
viously treated patients); no other patients responded including those with melanoma. 

Based on these phase-I studies, many phase-II studies were initiated in patients with 
both renal cell carcinoma ( 66 - 108 ) and melanoma ( 109 - 125 ). Although the routes of 
administration, dosages, and schedules were quite variable, and in several cases, the 
cytokine combination was administered in conjunction with chemotherapeutic agents, 
encouraging response rates were seen in renal cell carcinoma, ranging from 0 to 48%, 
with complete response rates up to 17% (summarized in Table 2). This ultimately led 
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Table 2 

Phase-II Studies of IFN-a and IL-2 in Renal Cell Cancer 



Reference 


N 


ORR 

(%) 


CRR 

(%) 


Route of 
IFN 


Route of 
1L2 


Additional 

agents 


Atzpodien et al. (66) 


132 


31 


5 


SC 


sc 


5FU 


Vogelzang et al. (67) 


42 


12 


2.4 


sc 


sc 




Atkins et al. (68) 


28 


11 


0 


IV 


IV 




Stadler et al. (69) 


Al 


17 


2.1 


sc 


sc 


Cis-retinoic acid 


Tourani et al. (70) 


62 


19 


1.6 


sc 


sc 


5FU 


Figlin et al. (71) 


30 


30 


0 


sc 


CIV 




Facendola et al. (72) 


50 


18 


12 


sc 


sc 




Ravaud et al. (73) 


38 


18 


2.6 


sc 


sc 




Ravaud et al. (74) 


111 


1.8 


0 


sc 


sc 




Jayson et al. (75) 


60 


0 


0 


sc 


sc 




Naglieri et al. (76) 


42 


26 


14.3 


sc 


sc 


Megace 


Mittelman et al. (77) 


12 


33 


16.7 


IM 


CIV 




Canobbio et al. (78) 


16 


6 


0 


sc 


sc 




Ellerhorst et al. (79) 


52 


31 


7.7 


sc 


CIV 


5FU 


Bergmann et al. (80) 


30 


30 


6.7 


sc 


IV 




Ravaud et al. (81) 


66 


8 


3 


sc 


sc 




Ryan et al. (83) 


41 


14.6 


2.4 


sc 


sc 


Gemcitabine, 

5FU 


Buzio et al. (84) 


50 


12 


2 


IM 


sc 




Elias et al. (85) 


38 


11 


2.6 


sc 


CIV 


5FU 


Gez et al. (86) 


62 


29 


6.4 


sc 


sc 


5FU, 

vinblastine 


Piga et al. (87) 


20 


15 


5 


IM 


sc 




Rogers et al. (88) 


33 


9 


0 


sc 


sc 




Eossa et al. (89) 


16 


18 


0 


sc 


CIV 




Besana et al. (90) 


17 


35 


5.9 


sc 


CIV 




Pectasides et al. (91) 


31 


38.7 


12.9 


sc 


sc 


Vinblastine 


Lissoni et al. (92) 


35 


26 


0 


sc 


sc 




Boccardo et al. (93) 


22 


9 


0 


IM 


CIV 




Lummen et al. (94) 


30 


23 


0 


sc 


sc 




Hofmockel et al. f95J 


34 


38 


9 


sc 


sc 


5FU 


Clark et al. (96) 


43 


16 


7 


sc 


dCIV 




Tourani et al. (98) 


122 


21 


4.9 


sc 


sc 




Rathmell et al. (99) 


20 


0 


0 


sc 


sc 


5FU, leucovorin 


Ravaud et al. (100) 


35 


5.7 


0 


sc 


sc 


5FU 


Neri et al. (101) 


15 


26.7 


6.7 


IM 


sc 


Gemcitabine 


Atzpodien et al. (102) 


41 


39.1 


17.1 


sc 


sc 


5FU 


Clark et al. (103) 


19 


0 


0 


sc 


sc 




Butcher et al. (104) 


50 


18 


4 


sc 


sc 


5FU 


Allen et al. (105) 


55 


31 


5.4 


sc 


sc 


5FU 


Negrier et al. (106) 


131 


10.6 


0 


sc 


sc 


5FU 


Van Herpen et al. (107) 


51 


11.8 


0 


sc 


sc 


5FU 


Atzpodien et al. (108) 


35 


48.6 


11.4 


sc 


sc 


5FU 



Abbreviations: N, number of patients; ORR, overall response rate; CRR, complete response rate; IL2, 
interleukin 2; IFN, interferon-alpha; sc, subcutaneous; IM, intramuscular; CIV, continuous infusion; 
dCIV, decrescendo infusion; IV, intravenous; 5FU, 5-flourouracil. 
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to a randomized phase-III clinical trial by the French Immunotherapy Study Group 
(126). Four hundred twenty-five patients with metastatic renal cell carcinoma were 
randomized to either continuous infusion IL-2 (18 x 10^ lU/m^ for 5 d, for two induc- 
tion cycles separated by 6 rest days, and four maintenance cycles separated by 3 wk), 
subcutaneous injections of IFN-a (18 x 10® lU three times per week for 23 wk), or 
both; in the combination arm, the IFN-a was reduced to 6 x 10® lU three times per 
week. Response rates were 6.5%, 7.5%, and 18.6% {P < 0.01) respectively. The sub- 
jects most likely to respond were those patients with only one organ site involved by 
metastatic disease and those patients undergoing combination cytokine treatment. 
After the 25-wk treatment period, the number of patients with complete responses in 
the IL-2, IFN-a, and combination treatment arms was 1, 2, and 5 respectively. 
Although there was a statistically significant difference in event-free survival at 1 yr 
(15%, 12%, and 20%, P - 0.01), no overall survival advantage was seen. With respect 
to toxicity, more grade- 3 or -4 adverse events were noted in the two groups employing 
IL-2, but no difference was seen among the patients who received IL-2 alone compared 
with those undergoing combination therapy, except for fevers which were seen more 
frequently in the combination group. 

Several additional phase-II studies of combination IL-2 and IFN-a in patients with 
melanoma have been reported (summarized in Table 3). Similar to the renal cell carci- 
noma trials, a variety of strategies have been employed, using variable doses, routes of 
administration, and schedules, and combining cytokines with chemotherapy and other 
agents. Overall response rates have ranged from 0 to 60%, with complete response rates 
of up to 24% (109-125). 

A randomized phase-III study comparing the combination of IL-2 and IFN-a to IL-2 
alone was conducted (127). Patients with advanced melanoma were stratified based 
on known prognostic factors, including the number and sites of metastatic lesions, 
and were randomized to IL-2 (6 x 10® U/m^ every 8 h as tolerated up to a maximum 
of 14 doses on days 1-5 and 15-19) or IL-2 (4.5 x 10® U/m^) plus IFN-a (3 x 10® U/m^ 
IV using a similar schedule. Eighty-five patients were entered and served the basis for 
a published report at a planned interim analysis. Toxicity was not significantly differ- 
ent among the two arms, except for the presence of grade-4 transaminitis, which was 
more common in the combination therapy group. Other reasons for treatment with- 
drawal included oliguria, dyspnea, confusion, and hypotension, observed in both 
cohorts. Two treatment-related deaths were seen in the IL-2 alone arm and one in 
the combination arm. Although the number of IL-2 doses was equivalent among the 
groups, the dose intensity was 25% less in the combination arm as a result of the 
study design. No complete responses were seen in either arm; the partial response 
rate was not significantly different (5% vs 10%, P - 0.30). Median survival was also 
not significantly different (10.2 mo vs 9.7 mo). As a result of predefined early-stop- 
ping rules related to overall response rates, the trial was terminated. Although this 
study produced among the lowest response rates published for high-dose bolus IL- 
2, no justification for the continued use of the combination of IL-2 and IFN-a could 
be found. 

Thus, a series of randomized clinical trials evaluating biochemotherapy regimens, 
which included and IL-2 and IFN-a combination were conducted in both the phase-II 
and -III setting (128-132). Rosenberg et al. randomized 102 patients with metastatic 
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Table 3 

Phase-II Studies of IFN-a and IL-2 in Melanoma 



Reference 


N 


ORR 

(%) 


CRR 

(%) 


Route of 
IFN 


Route of 
IL2 


Additional 

agents 


Whitehead et al. (109) 


14 


0 


0 


sc/IM 


CIV 




Richards et al. (110) 


42 


57.1 


23.8 


sc 


IV 


BCNU, CDDP, 
DTIC 


Khayatetal. (Ill) 


39 


53.8 


12.8 


sc 


CIV 


CDDP 


Keilholz etal. (112) 


27 

27 


18.5 

40.7 


3.7 

11.1 


sc 

sc 


CIV 

dCIV 




Kmit et al. (113) 


51 


15.7 


2 


sc 


CIV 




Eton et al. (114) 


23 


8.7 


0 


IM 


CIV 




Atzopieden et al. (775) 


40 


35 


7.5 


sc 


sc 


Carboplatin, 

DTIC 




27 


55.5 


11 


sc 


sc 


CDDP, DTIC, 
BCNU, tarn 


Proebstle et al. (116) 


22 


22.7 


0 


sc 


CIV 


CDDP, DTIC 


Legha et al. (117) 


40 


32.5 


5 


sc 


IV 


CDDP, DTIC, 
vinblastine 




62 


59.6 


22.5 


sc 


IV 


CDDP, DTIC, 
vinblastine 
(sequential) 


Eton et al. (118) 


21 


0 


0 


sc 


dCIV 




Richards et al. (119) 


83 


55.4 


14.4 


sc 


IV 


CDDP, DTIC, 
BCNU 


McDermott et al. (120) 


40 


39.6 


20 


sc 


CIV 


CDDP, DTIC, 
vinblastine 


Flaherty et al. (727) 


44 


36.4 


11.4 


sc 


IV 


CDDP, DTIC 




36 


16.7 


2.8 


sc 


sc 


CDDP, DTIC 


Donskov et al. (722) 


42 


9.5 


0 


sc 


sc 


Histamine 

dihydrochloride 


Schmidt et al. (123) 


41 


4.9 


0 


sc 


sc 


Histamine 

dihydrochloride 


Atkins et al. (725) 


47 


46.8 


14.9 


sc 


CIV 


CDDP, DTIC, 
temozolomide 



N, number of patients; ORR, overall response rate; CRR, complete response rate; IL2, interleukin 2; 
IFN, interferon-alpha; sc, subcutaneous; IM, intramuscular; CIV, continuous infusion; dCIV, decrescendo 
infusion; IV, intravenous; CDDP, cisplatin; DTIC, dacarbazine; tarn, tamoxifen; BCNU, carmustine. 



melanoma to either chemotherapy alone, comprising cisplatin, dacarhazine, and tamox- 
ifen, or a combination of high-dose IL-2, IFN-a, and the same chemotherapy regimen 
(128). Although there was a trend towards improved overall response rates in the 
hiochemotherapy arm (44% with three complete responses vs 27% with four complete 
responses, P - 0.071), there was an equivalent trend towards improved overall survival 
for those receiving chemotherapy alone (15.8 mo vs 10.7 mo, P - 0.052). Although 
there were no treatment-related deaths, the addition of immunotherapy clearly increased 
the toxicity profile. 
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The Dermatologic Cooperative Oncology Group studied the addition of holus, infu- 
sional, and suhcutaneous IL-2 to a comhination of IFN-a and dacarhazine (129). Nearly 
300 patients were randomized to dacarhazine (850 mg/m^ IV every 28 d) and IFN-a 
(3 MU/m^ twice daily on day 1, once daily from days 2-5, and 5 MU/m^ three times 
per week from week 2 to 4) or the same regimen plus IL-2 (4.5 MU/m^ IV over 3 hours 
on day 3, 9 MU/m^ over 24 h on day 3, and 4.5 MU/m^ sc days 4-7). Response rates 
were not significantly different among the two treatment arms (18% vs 16%, P - 0.87) 
and no difference in overall survival was noted (median 1 1 mo in both arms). The addi- 
tion of IL-2 was significantly more toxic, however, necessitating nearly twice as much 
treatment cessation owing to adverse events in the IL-2 containing group. 

The Italian Melanoma Intergroup published a randomized study evaluating the addi- 
tion of an outpatient regimen of IL-2 and IFN-a to chemotherapy (132). One hundred 
seventy-six patients with metastatic melanoma were treated with cisplatin and dacar- 
bazine with or without carmustine or the same chemotherapy regimen plus IL-2 (4.5 
MU sc on days 3-5 and 8-12, every 3 wk) and IFN-a (3 MU IM days 3 and 5, and then 
thrice weekly). No differences in terms of toxicity, response rates, or survival were seen 
after nearly 2 yr follow-up. 

Collectively, these clinical trials strongly suggest little survival benefit from IL-2/IFN-a 
combinations for renal cell carcinoma or melanoma with or without chemotherapy. 
These results should be interpreted cautiously as the optimal dose and timing of expo- 
sure to these cytokines may impact the outcome and little is firmly established in how 
best to optimize treatment, especially when combined with other agents, such as 
chemotherapy. Of note, the combination of IL-2 and IFN-a has also been piloted in a 
variety of other tumors, including non small-cell lung, breast, colorectal, and head and 
neck squamous cell cancers (133-139). Unfortunately, encouraging results were only 
seen in a small cohort of patients with recurrent head and neck cancer, where 2 of 1 1 
patients exhibited partial responses in the context of heavy pretreatment (139), Thus, at 
the present time such combinations remain investigational. 

4.2. IL-2, IFN-a and TNF-a 

A three-drug combination of IL-2, IFN-a, and TNF-a was evaluated in a phase-I dose 
escalation study (140). Eighteen patients with a variety of advanced solid tumors were 
treated with infusional IL-2, intramuscular or subcutaneous IFN-a, and intravenous 
TNF-a. Significant toxicities included cytopenias, arrhythmias, pulmonary edema, and 
weight loss, but the regimen was thought to be feasible in the ambulatory setting. One 
patient with melanoma had a partial response and three with renal cell carcinoma had sta- 
bilization of disease, whereas all others progressed or were not evaluable for response. 

4.3. IFN-y and IL-2 

Based on preclinical data demonstrating that IFN-y augmented antitumor effects of 
IL-2, possibly through up-regulation of the IL-2Ra subunit a clinical trial was per- 
formed (141,142). A phase-I clinical trial combining escalating doses of IFN-y with 
moderate doses of IL-2 was conducted in 41 patients with incurable solid tumors (142). 
Dose limiting toxicity consisted of constitutional symptoms as expected, although one 
myocardial infarction occurred. Only two partial and two minor responses were seen, 
but clear evidence of treatment-related induction of NK and LAK activity was noted. 
Other phase-I studies involving outpatient regimens were reported by several groups. 
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each with similar results ( 143-145 ). Reddy et al. went on to add increasing doses of 
IFN-y to high-dose holus IL-2 in a cohort of patients with advanced cancer (146). 
Although toxicity was tolerable and half the patients had increases in NK/LAK activity, 
only 1 of 20 patients had an objective clinical response. Nevertheless, phase-II studies 
were performed in patients with metastatic renal cell carcinoma. In two studies, 
response rates ranged from 11 to 21% with clear changes in the immunologic profile 
and augmentation of NK cell activity (147,148). To date, no phase-III trials have been 
performed with this combination. 

4.4. IFN-y, IL-2 and GM-CSF 

A single study administered IFN-y, IL-2, and GM-CSF sequentially to 55 patients 
with metastatic renal cell cancer (149). Toxicity was mild, with no grade 3 or higher 
effects noted. Five patients had documented radiographic responses, with one patient 
having complete regression of disease. Compared to previously reported trials of IFN-y 
and IL-2, GM-CSF did not seem to improve efficacy. 

4.5. IFN-a, IL-2, and GM-CSF 

Several early phase studies were performed to evaluate the triple combination of 
IFN-a, IL-2, and GM-CSF, prefaced on the idea of reducing the toxicity related to high- 
dose bolus IL-2. Eleven patients with progressive metastatic renal cell carcinoma and 
seven DTIC-resistant ocular melanoma patients were treated with 5MU IFN-a, 1, 4, or 
8 MIU/m2 IL-2, and 2.5 or 5 pg/kg GM-CSF ( 150). Dose limiting toxicity was hypoten- 
sion and severe fever. Significant increases in immunologic parameters such as T-cell 
expansion and monocyte HLA-DR expression were noted. Interestingly, three of eight 
patients with renal cell carcinoma had complete responses, whereas one of seven 
patients with melanoma had a partial clinical response. 

A small cohort of patients with renal cell carcinoma were treated with a complicated 
regimen of GM-CSF, low-dose IL-2 and IFN-a in the outpatient setting (151). The reg- 
imen was well tolerated and led to increased numbers of peripheral blood mononuclear 
cells expressing costimulatory molecules after GM-CSF induction. Unfortunately, despite 
regression of lung metastases in several patients, none of the patients had confirmed 
objective responses. A phase-II study was ultimately undertaken with the same regimen 
in patients with progressive renal cell carcinoma (152). This trial enrolled 59 patients 
and the main toxicities were flulike syndromes and transient hepatitis, requiring a 
reduction in the dose of IL-2 in several patients. The overall response rate was 19% with 
three complete responses and a median survival of 9.5 mo. Expansion and activation of 
T-cells seemed to correlate with clinical response. In sum, this regimen seems to be, in 
this small selected cohort, as effective as high-dose bolus IE-2 and less toxic, but it has 
yet to be compared in a prospectively, randomized clinical trial. 

Two additional trials have combined this triple cytokine regimen with chemotherapy 
in the treatment of metastatic melanoma (153,154). Groenewegen et al. treated 32 
patients with an outpatient regimen comprising dacarbazine, followed by 10 d of sc 
GM-CSE and low-dose IE-2, followed in turn by 5 d of lEN-a (154). No grade-3 or -4 
toxicity was seen and 32% of all patients responded, with four complete clinical 
responses. Similar to the earlier studies, the numbers of activated T-cells were noted to 
increase over the course of therapy, but correlation with clinical response or survival 
was not evaluated. Vaughan et al. treated 19 patients with a regimen entailing cisplatin 
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and DTIC for 3 d, followed by low-dose subcutaneous IL-2 and IFN-a with escalating 
doses of GM-CSF throughout the treatment period (153). Interestingly, clinical 
responses correlated with increasing GM-CSF dose, which, in turn, was associated with 
increasing serum concentrations of TNF-a. Further clinical trials of this triple cytokine 
regimen with chemotherapy have not been performed to date. 

5. FUTURE DIRECTIONS 

The increasing number of cytokines and related agents as well as an improved under- 
standing of the signaling pathways used by the cytokine network are leading to new and 
innovative combination therapies (155,156). The optimal combination of cytokines and 
combinations with other types of therapeutic agents are only now being actively explored. 
Based on advances in basic immunology and preclinical studies in animal models, a more 
sophisticated and directed approach to manipulating immune responses can be envisioned 
for cancer and other diseases. Although murine studies can support specific combinations, 
only through well designed clinical trials in patients with cancer can we ultimately deter- 
mine the best combination regimens. Further investigation is also needed to better define 
the dose, schedule, and route of administration for current and new cytokine combinations 
in patients. An important area for future investigation will be the combination of cytokines 
with other targeted therapeutics, such as tyrosine kinase inhibitors, epidermal growth fac- 
tor inhibitors, and angiogenesis inhibitors (157,158). The potential for synergistic activity 
of cytokines with targeted vaccines has also been supported by extensive preclinical 
experiments and numerous clinical trials are underway to study the effects of specific 
cytokines with a variety of vaccines strategies in patients with cancer. 

6. CONCEUSIONS 

Cytokines offer significant promise as cancer therapeutics based on the effects of sin- 
gle agent therapy in a number of human diseases. The potential for improved therapeu- 
tic effectiveness with combination cytokine therapy has been a well established 
paradigm in animal tumor models. The large number of cytokines and the redundancy 
inherent in the complex cytokine network have made logical selection of combination 
treatment strategies difficult. The increased knowledge of cytokine biology based on 
targeted knockout mice and new data on cytokine signaling pathways are providing new 
insights into how to optimize cytokine combinations as a therapeutic strategy. The con- 
cept has been tested using clinically available cytokine agents and has yielded impor- 
tant safety information and occasional clinical responses in selected populations. A 
major future goal will be to find appropriate combinations of cytokines, with synergy, 
and without competing toxicity profiles, that may harness the inherent power and speci- 
ficity of the immune system as a means of preventing or treating cancer. 
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1. IMMUNOCYTOKINES 

Immunocytokines (IC) are fusion proteins that use genetic linkage to fuse cytokines 
with immunologically reactive monoclonal antibodies (mAh) or components thereof. 
The goal is to retain the functions of both the cytokine and the antibody components in 
a single bifunctional molecule. As such, the functions of the antibody (long circulating 
half life, antigen specific binding, complement activation, interaction with Fc Receptors 
(FcRs) to induce antibody dependent cytotoxicity [ADCC]) are retained. In addition, the 
functions of the cytokine that are linked to the antibody (such as IL-2, IL-I2, or IL-7), 
are also retained. The goal is to allow the biologic activities of one component of the IC 
(the antibody) to be expanded by colocalizing it with the biologic function of the other 
component of the IC (the cytokine). A few distinct immunocytokines have been created 
by EMD-Lexigen ( 1 - 3 ), and by others ( 4 - 7 ). These have used antibodies with some 
degree of selectivity for molecules expressed predominantly by tumors, and have been 
linked to different cytokines. The first IC to be described resulted from linking IL-2 to 
the 14. 1 8 mAh that recognizes the GD2 disialoganglioside. Testing of this agent, and its 
derivatives, has moved forward in parallel with preclinical and clinical testing of other 
ICs (including the huKS-IL-2 IC that recognizes the epithelial cell adhesion molecule, 
which is overexpressed on many epithelial carcinomas).The purpose of this chapter is to 
summarize the preclinical testing of ICs, and a recently completed Phase I study, with an 
emphasis on recent data with the huI4.I8-IL-2 IC. We also present a brief summary of 
preclinical data utilizing newer ICs being developed for future clinical testing. 
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2. THE HU14.18-IL-2 IC 

The hul4.18-IL-2 IC has human IL-2 linked to the heavy chains of the intact human- 
ized anti-GD2 antibody, hul4.18. This IC hinds to the GD2 disialoganglioside, expressed 
on human melanoma (MEL) and neuroblastoma (NBL), stimulates cells bearing IL-2 
receptors (IL-2Rs) and (LcRs), and mediates potent antitumor activity in mice. This anti- 
tumor activity of hul4.18-IL-2 is observed when this IC is used alone, or when it is com- 
bined with other therapies. We have now completed the initial phase I clinical trials of 
hul4.18-IL-2 in patients with MEL and NBL. These trials document that hul4.18-IL-2 
is clinically safe and tolerated at doses that induce immunologic activation. 

3. BACKGROUND 

3.1. IL-2 as an Enhancer o/In Vivo A£)CC 

IL-2 is an anticancer therapeutic that activates immune cells to mediate antitumor 
effects ( 8 - 10 ) Patients (Pts) receiving IL-2 show a dose dependent activation of NK 
cells, which appear to be involved in antitumor activity ( 11 ). One way to potentially 
improve the antitumor efficacy of activated NK cells is to direct their lytic activity more 
selectively towards tumor cells, using a tumor reactive monoclonal antibody (mAh), 
through the process of ADCC ( 12 , 13 ). LcR bearing NK cells can mediate augmented 
ADCC of tumor cells if they are first activated with IL-2 ( 14 ). Mice receiving IL-2 plus 
tumor specific mAh show improved antitumor effects compared to animals treated with 
either agent alone ( 12 - 15 ). Only intact mAh, not Lab fragments, have been shown to 
induce ADCC in vitro or mediate antitumor effects in vivo ( 13 ). These results suggest 
that direct effector cell-tumor cell contact is involved in the antitumor mechanism and 
that it may be possible, with in vivo activation of effector cells by IL-2, to improve clin- 
ical antitumor effects of mAh treatment. As such, clinical trials of tumor reactive mAh 
given with IL-2 as a means to induce ADCC in vivo are underway in the treatment of 
several types of malignancy, including lymphoma, colon cancer, breast cancer, MEL, 
and NBL ( 16 - 19 ). 

In vitro and in vivo preclinical studies show that greater ADCC can be obtained with 
mAh linked to IL-2, than is obtained with the same amount of mAh and IL-2 infused 
simultaneously as separate molecules ( 1 , 20 , 21 ). A potential mechanism is for the IC mol- 
ecule to localize to the tumor cell owing to its recognition by the mAh component of the 
IC molecule. This would allow the NK cells to be activated by the IL-2 component of the 
IC molecule, and then mediate ADCC via LcRs on the NK cell that use the Lc component 
of the IC molecule. T-cells may also be activated by the IL-2 localized to the tumor site. 

3.2. Anti-GD2 mAh Therapy 

The GD2 disialoganglioside is expressed on tumors of neuroectodermal origin 
including MEL and NBL ( 22 , 23 ), but not on normal tissues other than certain neurons 
and melanocytes. MEL and NBL express GD2 with relatively little heterogeneity within 
tumors, with higher density expression seen on NBL than MEL ( 24 , 25 ). The 3L8 and 
14.18 mAbs were the originally described murine anti-GD2 mAbs ( 22 , 23 ). Clinical test- 
ing has been performed with the 3L8 mAh, the murine IgG2a class switch variant of 
14.18 (designated 14.G2a), and with the human-mouse chimeric variant of 14.18 (des- 
ignated chl4.18) in children with NBL and adults with MEL ( 26 - 33 ). GD2 is not lost 
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from the cell surface when hound to anti-GD2 mAh. Furthermore, GD2 is found in low 
concentrations in serum and is hound within lipoprotein complexes, thereby masking 
the circulating GD2 from recognition hy anti-GD2 mAh (22,33,34). This may explain 
why circulating GD2 in most patients has not interfered with antibody targeting in vivo, 
which typically achieves a high tumor to normal-tissue ratio, in patient studies (35,36). 
In vitro, anti-GD2 antibodies can mediate substantial ADCC and complement-dependent 
cytotoxicity (GDC) against GD2"'‘ tumor target cells (37,38). 

Dose limiting toxicities (DLT) caused by these anti-GD2 mAbs include fever, chills, 
anaphylactoid reactions, and nausea, all felt to result from cytokine activation owing to 
infusion of heterologous immunoglobulin. The most characteristic DLT for anti-GD2 
mAbs is transient neuropathic pain, owing to the recognition of GD2 on peripheral pain 
fibers by the mAh (39,40). This pain is controllable with appropriate analgesics, includ- 
ing administration of narcotics (39^2). Clinical antitumor effects seen in phase-I and - 
II trials of these anti-GD2 mAbs include shrinkage of measurable MEL or NBL ("26-33) 
as well as improvement in microscopic metastatic disease in bone marrows of children 
with NBL (27,29,43). 

3.3. Combination of Anti-GD2 mAb and ADCC Augmenting Cytokines 

The 14.G2a, chl4.18 and 3F8 mAbs all mediate augmented ADCC with activated 
effector cells. Peripheral blood mononuclear cells (PBMCs) from patients treated with 
IL-2 in vivo mediate enhanced ADCC with these mAbs (14,44). This suggested that 
anti-GD2 antibodies should be tested in subjects receiving in vivo IL-2 treatment. This 
approach was initiated simultaneously in our studies of 14.G2a plus IL-2 in NBL through 
the Children’s Cancer Group (CCG), and of 14.G2a or chl4.18 plus IL-2 in adults with 
MEL at the University of Wisconsin Comprehensive Cancer Center (UWCCC) (45,46). 
Analyses of blood samples from patients treated with 14.G2a plus IL-2 document that 
conditions are achieved in vivo to mediate ADCC (47). A decrease of measurable tumor 
was observed in a few patients receiving 14.G2a or chl4.18 plus IL-2 (one PR and one 
CR in the NBL study, and one CR and one PR in the MEL study). To enhance neutrophil 
mediated ADCC, these anti-GD2 mAh have been combined with GM-CSF in phase I and 
phase II trials (48,49). Improvement in microscopic marrow disease was noted frequently 
in patients receiving anti-GD2 plus GM-CSF (49,50). Thus, COG has completed pilot 
studies of chl4.18 plus cytokines for refractory NBE patients following autologous stem 
cell transplant (ASCT) (51,52). Based on acceptable toxicity and potentially improved 
disease free survival (DFS) (75% ±14% 5-yr DFS), compared to historical controls 
(-40% DFS) in these pilot studies ( 52 ), COG is now conducting a randomized phase-III 
trial testing an immunotherapy regimen consisting of chl4.18 plus IE-2 plus GM-CSF 
for children with NBE in remission following ASCT (53). 

3.4. Creation of an IC That Links Anti-GD2 mAb to IL-2 

ADCC depends upon the number and function of FcRs on the effector cells (14,44,54). 
When NK cells with FcRs are activated and expanded with IE-2 in vivo, they mediate dra- 
matically augmented ADCC ( 14,44 ). However, we showed that up to 50% of the activated 
NK cells circulating in cancer patients following in vivo treatment with IE-2 do not have 
FcRs, in contrast to resting NK cells (55). These FcR(-) activated NK cells are more lytic 
to tumor cells in direct assays not dependent on mAh and FcRs. We also showed that 
NK cells activated in vivo by IE-2 have augmented expression of the IE-2Ra (56) and 
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chl4.l8-IL2 

I 

Fig. 1. The chimeric IC, chl4.18-IL2 links IL2 to each of the heavy chains of chimeric mAh The 
humanized IC,hul4.18-IL2, links IL2 to each of the heavy chains of humanized mAh. 

demonstrate a dramatic in vitro response to IL-2 ( 57 ). Furthermore, IL-2R-bearing T-cells 
that may not he able to specifically recognize these tumors (with their TCRs) should still 
be responsive to IL-2. It may be beneficial to activate these IL-2Rs with a molecule that 
will bridge the NK cells and T-cells to tumor cells to induce antitumor interactions, and to 
enhance the ability of the IL-2 activated FcR(-) cells to recognize tumor. 

These are some of the proposed functions of the chl4.18-IL-2 IC (Fig. 1), which was 
constructed by fusing the human IL-2 gene to the chl4.18 IgGl gene ( 58 ). This IC uses 
the 14.18 anti-GD2 antibody-mediated recognition component to bind to tumor cells, 
the Fc component (which is still functional on this IC molecule) to bind to cells express- 
ing FcRs, and the IL-2 component to activate cells expressing IL-2Rs. These interac- 
tions should result in effector cell binding to tumor followed by activation of the effector 
cell functions. Activation of effector cell mediated lysis can occur for both T-cells with 
IL-2Rs and NK cells ( 58 , 59 ). The chl4.18-IL-2 IC induces anti-MEL activity in a 
murine SCID human-tumor- xenograft model ( 60 ), and in conventional mice bearing 
syngeneic tumors transfected to express GD2 (i.e., the B78 MEL) ( 61 , 62 ). In addition, 
anti-NBL activity is induced in conventional mice bearing a murine NBL that expresses 
GD2 and is recognized by chl4.18 (NXS2) ( 20 , 21 ). 

Chl4.18-IL-2 induces better antitumor effects against localized or metastatic NXS2 
NBL than comparable amounts of chl4.18 mAh and IL-2 combination therapy (Table 1, 
top panel) ( 20 , 21 ). Under these conditions, animals receiving the IC show no metastases. 
Similar results are obtained with the B78 MEL ( 62 ) (not shown). The in vivo destruction 
of NXS2 in animals receiving chl4.18-IL-2 is largely NK mediated ( 20 , 21 ). In contrast, 
the chl4.18-IL-2 mediated antitumor effect against the B78 MEL is predominantly T-cell 
mediated ( 62 ). This T-cell effect demonstrates epitope spread, as chl4.18-IL-2 enables 
C57B1 mice to destroy GD2“ B16 MEL cells only if they are a component of mixed 
tumors, created by co-injection with the GD2+ B78 MEL cells ( 62 ) (Table 1, bottom 
panel).Thus chl4.18-IL-2 induces potent antitumor effects in MEL or NBL bearing 
mice, and can function both as a T-cell inducing vaccine and as a potent activator of NK 
mediated ADCC. These preclinical data provided the rationale for initiation of clinical 
testing of a 14.18 based IC molecule as potential cancer therapy for NBL and MEL. 

3.5. Clinical Implications: Melanoma 

The incidence of melanoma continues to rise, with 55,100 newly diagnosed cases in the 
United States estimated for 2004 ( 63 ). Eorty eight percent of newly diagnosed patients 
present with features putting them at increased risk for recurrent disease (>35% risk). 



hul4.18-IL2 






human 
human IL2 
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Table 1 

Efficacy of chl4.18-IL-2 Exceeds chl4.18 Plus rIL-2 






Number of 


Treatment 


Tumor 


tumor foci“ 


PBS 


NXS2 


>250, >250, >250, >250, 240, 115 


rIL-2-bchl4.18 


NXS2 


174, 134, 105, 102, 91, 83 


chl4.18-lL-2^ 


NXS2 


0, 0, 0, 0, 0, 0, 


chl4.18-lL-2 


B16 


>500, >500, >500, >500, >500, 138, 97 


PBS 


B78 -I-B16 


>500, >500, >500, >500, >500, >500, >500, >500 


rlL-2-(-chl4.18 


B78-I-B16 


>500, >500, >500, >500, 189, 179, 104 


chl4.18-lL-2^ 


B78-I-B16 


0, 0, 2, 7, 9, 12, 21, 43 



"Mets were scored for each of 6 mice on day 21, and were less in the IC group than the other 2 groups 
(P <0.001) ('2if 

*IC group 

‘^Mice with mixed tumors treated with IC had fewer mets than all other groups (p < 0.002) (62). 

Top panel: Hepatic metastases (mets) were induced by injecting 10® NXS2 cells IV into AJ mice. On day 
1 mice received PBS, 10 |Ig chl4.18 mAh + 30,000 lU rIL-2/d, or 10 pg of chl4.18-IL-2 daily, 6 X d. 

Bottom panel: Pulmonary mets in C57B1 mice were induced by IV injection of 1 X 10® B16 cells 
(GD2- ) alone, or combined with 5 X 10® B78 cells (GD2+). One week post-inoculation, 7 d of PBS, 8 pg 
chl4.18 + 24,000 lU rIL-2, or 8 pg chl4.18-IL-2 was initiated, and mets were scored 4 wk later. 

and 13% of these patients are at high risk for recurrence (>60% risk) (64). There will 
he an estimated 7,900 deaths in the United States from MEL this year. Remission can 
he accomplished surgically for most newly diagnosed high risk MEL pts and for most 
patients who develop a local or regional recurrence. To date, interferon (lEN) is the only 
treatment shown reproducihly to help delay or prevent recurrence following surgery in 
some high risk pts (65). Many other immunotherapies are now being tested for patients 
with metastatic or high risk MEL( 66-75). Some of these are technologically complex 
and may he difficult to deliver to several thousands of patients each year. Others are 
applicable only to patients with certain HLA types. Large phase 111 trials will be 
required to determine which of these can improve disease free survival (DLS) and over- 
all survival for MEL pts. The ability to store a reagent in a standard hospital pharmacy, 
apply it to virtually all patients independent of HLA type, and induce both T and NK reac- 
tivity against neoplastic cells, would offer many clinical advantages. Hul4.18-lL-2 fulfills 
these criteria and thus phase 11 clinical testing in MEL is under way. 

3.6. Clinical Implications: Neuroblastoma 

Neuroblatoma (NBL) is the most common extracranial solid tumor of childhood, and 
nearly half of all newly diagnosed patients present with high risk features (76). Most 
patients with high risk NBL can achieve minimal residual disease (MRD) status with cur- 
rent standard therapy (combined chemo and radiotherapy, followed by ablative 
chemotherapy and autologous stem cell reinfusion, followed by aT-retinoic acid). Yet, 
despite the aggressive nature of this multimodality treatment, this combined approach is 
only curative for approx 30% of the high risk patients that begin this comprehensive reg- 
imen (77). Over the next 3 yr, the COG randomized trial of chl4.18 mAh plus lL-2 plus 
GM-CSL will determine whether an anti-GD2 based immunotherapy regimen, delivered 
to children in MRD status, can help prevent recurrence (53). Given the preclinical data 
in Table 1 it will be essential to complete phase 11 testing of hul4.18-lL-2 in patients with 
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NBL, including children with bulky disease and children with measurahle, hut relatively 
minimal/non bulky disease. 

3. 7. Clinical Implications: Other Malignancies 

GD2 is expressed on neuroectodermally derived tumors. In addition to MEL and 
NBL, it is also expressed on tumors from many patients with small-cell lung cancer, 
osteosarcoma and soft tissue sarcomas ( 78 , 79 ). These GD2''' diseases account for 
approx 8% of all cancer deaths in the United States ( 63 ). Clinical results using 
hul4.18-IL-2 for melanoma and neuroblastoma should be translatable to all GD2''‘ dis- 
eases in the future. 

3.8. Phase-I Testing of hul4.18-IL-2 in Melanoma 

3.8.1. Preclinical Development and Study Design 

The initial preclinical testing of an anti-GD2 IC had used the chl4.18-IL-2 reagent 
( 46 ). However, because many patients receiving chl4.18 mAh developed high levels of 
neutralizing human antichimeric antibody (HAG A) ( 80 ), our efforts switched to the 
clinical development of the hul4.18-IL-2 molecule (Lig. 1). The hul4.18-IL-2 IC con- 
tains only minimal murine amino acid sequences in the CDR-1,2, and three regions. As 
a nearly “pure” human protein it is predicted to be less likely to induce a neutralizing 
anti-IC response than chl4.18-IL-2. 

Preclinical in vitro and murine data indicated that hul4.18-IL-2 was likely to be more 
effective in vivo clinically than chl4.18 (or hul4.18) mAh when administered to patients 
receiving IL-2; however, the regimen for administration needed to be designed. Although 
the halflife of murine or chimeric anti-GD2 IgG mAbs injected IV is normally 2-5 d 
( 29 , 45 ), the halflife of the chl4.18-IL-2 in mice was only ~4 h ( 81 ). This was because 
the chl4.18-IL-2 IC (and the hul4.18-IL-2 IC) was sensitive to enzymatic cleavage by 
proteases in the mouse serum. When the IC was put into mouse serum at room temper- 
ature or at 37° C, the IL-2 component was cleaved from the hul4.18 component, leaving 
separate IL-2 and hul4.18 moieties. When the intact IC is injected IV into mice, the 
halflife of the intact IC is 4 h. The halflife of the human IL-2 linked to the IC is also 4 h 
( 81 ). In contrast, the halflife of the hul4.18 mAh component of the IC is 27 h. This sug- 
gested that in vivo, the hul4.18-IL-2 IC circulates intact with a halflife of 4 h. The IL-2 
component is cleaved after 4h and is then cleared rapidly. This is similar to recombinant 
IL-2, which is cleared rapidly after IV bolus injection (half life of <1 h) (S2 ). The remain- 
ing hul4.18 IgG, no longer linked to the IL-2, is able to continue circulating for a longer 
halflife. This suggested that hul4.18-IL-2 IC should be given frequently (daily) to main- 
tain both IL-2 and hul4.18 in vivo activity. Hul4.18-IL-2 was given to nonhuman pri- 
mates in an LDA required toxicity study (Gillies et al., unpublished). It was given as an 
IV infusion daily for 5 d. Toxic effects were primarily related to IL-2, (hypotension and 
capillary leak) with an MTD in primates of 16 mg/m^/d for 5 d. Toxicity seemed to 
worsen with subsequent days of treatment. At 48mg/m^/d, monkeys developed anaphy- 
laxis on day 5. This suggested that for shorter courses of treatment, the MTD might be 
higher. It also suggested that the antibody (Ah) response against the heterologous IC 
might be developing as early as 4-5 d after starting IC treatment and might be a factor 
in human studies. However, a weaker Ah response against the humanized IC was 
expected in humans compared to cynomolgous monkeys. To provide for a clear safety 
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Table 2 

Adverse Events" Observed With hul4.18-IL-2: Grade 3 Adverse 
Events Observed in Patients for All Courses of Therapy^ 



Dose 
( mg/m^) 




No. of 
courses'^ 


BP 




pit 


Bili/ast 


PO, 


GLU 


0.8 


3 


5 














1.6 


6 


12 








1 


1 




3.2 


6 


7 












2 


4.8 


6 


11 






1 


1 


4 




6.0 


6 


9 




1 


1 




3 




7.5 


6 


8 


2 


1 


2 


1 


3 


1 



“Adverse events graded 1-4 as per NCI Common Toxicity Criteria, Version 2.0. 

*For each category of toxicity shown (BP, hypotension; O 2 , hypoxia; pit, low 
platelets; Bili/AST; PO^, low phosphate; GLU, high glucose), the number of patients 
showing grade 3 toxicity as their highest grade is shown for each dose level of 
hul4.18-IL-2. 

‘Total number of patients treated at each dose level. 

‘'Total number of courses administered for all patients at the indicated dose level. 



margin, the starting dose in this phase I trial (83,84) was 1/20 of the daily MTD in pri- 
mates (0.8 mg/m^/d). Infusions were given for only 3 instead of 5 d to patients admitted 
to our inpatient General Clinical Research Center. Because the known neuropathic pain 
associated with anti-GD2 mAh was less intense when mAh is infused slowly, this trial 
gave hul4.18-IL-2 as a 4-h daily infusion. 

3.9. Conduct of the Study 

This phase I study treated 33 adults with refractory MEL. A detailed report of the 
clinical findings has recently been published (84). The rapid dose acceleration design of 
Storer was initially planned to be used (85). At the first dose level (0.8 mg/m^/d), fever 
beyond grade 1 was noted in the first pt. Thus three pts. were entered at that dose. All 
remaining dose levels had six patients entered per dose level. Grade 3 clinical and lab- 
oratory toxicities for all courses are shown in Table 2. 

3.10. Dose Limiting Toxicities (DLTs) 

Only DLTs for course 1 were used to define MTD. One of the first patients at 1.6 
mg/m^/d had an elevated AST and one had grade 3 hypophosphatemia. Based on analy- 
ses of urine phosphate values in patients with hypophospatemia, we demonstrated that 
the hypophosphatemia was not owing to renal wastage of PO 4 . This result is consistent 
with a cytokine induced flux of PO 4 from the extracellular to the intracellular compart- 
ment (86). Thus asymptomatic, spontaneously resolving grade 3 PO^ was not used as a 
criteria for DLT. Hul4.18-IL-2 was thus tolerated well at the 1. 6-4.8 mg/m^ dose lev- 
els. At 6.0 mg/m^, 1 patient developed reversible hypoxia, requiring entry of three more 
patients at that dose level. At 7.5 mg/m^, one patient developed reversible hypoxia and 
hypotension, and one developed a transiently elevated ALT/AST; both qualified as DLT. 
Thus, with two of six patients developing DLT at 7.5 mg/m^, this dose level met study 
criteria for MTD. 
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3.11. Cause of Toxicides 

Most clinical toxicities seen were similar to those previously reported for IL-2 and 
anti-GD2 mAh treatments (45,46,51,52). All 33 patients had grade 2 fever. Most patients 
in the three highest dose levels had pelvic, abdominal, chest, or extremity pain that could 
he adequately controlled with intravenous morphine. This pain was similar to the pain 
reported for patients treated with chl4.18 (46,51,52). The remaining toxicities were sim- 
ilar to those frequently seen with IL-2 given alone. In our previous clinical trial, the MTD 
of the chi 4. 18 mAh combined with systemic IL-2 was found to be 7.5 mg/m^/d (46). K?, 
the hul4.18-IL-2 is comprised of 17% IL-2 and 83% hul4.18, the amount of hul4.18 
mAh in 7.5 mg of hul4.18-IL-2 is 6.3 mg. Thus the 7.5 mg/m^/d MTD of the chl4.18 
when combined with systemic IL-2 is similar to the amount of hul4.18 mAh (6.3 
mg/m^/d) present in the MTD determined here for the hul4.18-IL-2 molecule. 

3.12. Antitumor Data 

No patient showed improvement of measurable disease to qualify as a complete or 
partial response (CR or PR). Eight of the 33 patients maintained stable disease (SD) 
after two courses of therapy, and four of these eight patients continue with no evidence 
of progressive disease (1 with SD treated at 4.8 mg/m^/day and three high-risk patients 
continue with no evidence of disease, treated at 0.8, 3.2, and 6.0 mg/m^/day) for 30-62 
mo since completing protocol therapy. Five of the 33 patients entered the study with no 
measurable disease following surgical resection of recurrences or metastases. Three of 
these five patients continue with no evidence of disease (41-74 mo) (84). These find- 
ings are consistent with the hypothesis that clinical benefit from an immunotherapeutic 
intervention is more likely in patients with a low tumor burden. 

3.13. Analyses of Specimens from 33 Patients in the Phase 1 MEL Trial 

Serum specimens and PBMC specimens were obtained at serial time points from 
each patient for all courses of treatment and analyzed for pharmacokinetics (PK), mul- 
tiple parameters of immune activation, and for the immunogenicity of the IC. 

3:13.1. PK Assays 

Serum samples from all 33 patients were obtained on days 1 and 3 at each of the 
following times: before the 4-h infusion, 0.5 h into and at the completion of the 4-h 
infusion, and then 0.5 h, 1 h, 2 h, 4 h, 12 h, and 20 h after completion of the 4-h infu- 
sion. These specimens were tested in an ELISA assay using an anti-id mAb(lA7) 
(88,89) to measure the intact hul4.18-IL-2 molecule (Fig. 2) (90). A detailed listing 
of all results obtained for the Course- 1 /day 1 (ClDl) infusion is shown in Table 3. 
The peak serum levels and area under the curve (AUC) show a progressive increase 
with dose (P < 0.001) that is near linear after the first two doses. This is consistent 
with a nonspecific “sink effect” at low doses of this agent. When data from all 33 
patients for these time points for ClDl were evaluated, the half-life following the 
first 4-h infusion was found to be 3.7 ± 0.9 h. This is between the half-life of its two 
components (approx 45 min for IL-2 and 2-3 d for chi 4. 18 mAh), and comparable 
to that which was observed for the half-life of chl4.18-IL-2 in mice (81). Separate 
assays for hul4.18 mAh were performed on these same serum specimens from select 
pts and showed PK curves similar to those for the hul4.18-IL-2 (Fig. 3). In other 
words, following the clearance of hul4. 18-IL-2 from the serum of these pts, the 
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Fig. 2. ELISA assay that detects intact hul4.18-IL2 by capture to plate with the 1A7 anti-id mAh, and 
detection with goat anti-IL2 Ab. 



Table 3 

Pharmacokinetics in Phase I Testing of hul4.18-IL-2 in Patients With Melanoma 



Peak Cone. Clearance AUC 



Dose (mg/m2) 


N 


(ng/mL)“''’ 


(Uh)<^ 


Halflife (h) 


(ng/mL X 


Mean 


SD 


Mean 


SD 


Mean 


SD 


Mean 


SD 


0.8 


3 


185 


31 






2.7 


0.21 


1138 


248 


1.6 


6 


696 


390 




0.16 


3.5 


1.10 


5106 


2540 


3.2 


6 


1490 


693 


0.66 


0.22 


3.8 


0.45 


11448 


4970 


4.8 


6 


3965 


2001 


0.39 


0.11 


4.2 


1.25 


25529 


6794 


6.0 


6 


6339 


1519 


0.33 


0.09 


3.8 


0.86 


38944 


12294 


7.5 


6 


5514 


2808 


0.38 


0.11 


3.9 


0.66 


40870 


18958 



“Peak concentration, clearance, halflife and area under the curve (AUC) were obtained at course 1, 
day 1 . Values shown are mean and standard deviation (SD) for all patients at each dose level. 

*“‘*The peak concentration, clearance and AUC were all dose dependent {P < 0.001). 



hul4.18mAb component could not be detected, wbicb contrasts with data from mice 
( 81 ) where residual chl4.18 mAb, cleaved of its IL-2 component, was found circu- 
lating with a halflife of 27 h. 

We compared the peak hul4.18-IL-2 levels and AUC values for the 31 patients that 
received C1D3 treatment at the same dose they received on ClDl. The values for day 
3 were significantly less than those for day 1 (Table 4). We hypothesize that this differ- 
ence may reflect either: (a) The induction of a neutralizing anti-IC antibody in these 
patients (however, this C1D3 infusion begins only 48 h after the start of the ClDl infu- 
sion, a time before the anticipated detection of any primary antibody response); (b) The 
activation of augmented expression of IL-2 receptors on IL-2 responsive cells that have 
been stimulated by the huI4.I8-IL-2 infusions on days I and 2 (these may be clearing 
the IC more rapidly through IL-2R binding to the IC); (c) The activation of augmented 
FcR expression or function, in response to the first 2 d of IC infusion; (d) Some other 
physiologic change (such as a modification of extracellular fluid volume) following the 
first 2 d of IC treatment. Additional studies are needed to account for this change in PK 
for day 3 vs day I, to measure its importance to antitumor activity, and to determine 
whether IC treatment regimens should be modified owing to this finding. 
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Fig. 3. ELISA assays from ClDl and C1D3 sera from Pt #4 (1.6 mg/m^/d) for hul4.18-IL2 (as in 
Fig. 2) and 14.18 (capture with 1A7 but detected with goat-anti-huIgG). 

Table 4 

Pharmacokinetics on Day 1 and Day 3 of Treatment 
Hul4.18-IL-2 Peak ng/niL Hul4.18-IL-2 AUC ng/mL x h 

ClDl 3211 21188 

C1D3 2619 p<0.001 13362 P< 0.001 



Table 5 

Lymphocyte Cell Surface Phenotypes 





Dl 


D8 


P 


CD16 


23% 


30% 


0.0003 


CD56 


18% 


30% 


0.001 



3.13.2. Lymphocyte Numbers and Phenotype 

Peripheral blood lymphopenia occurred on protocol days 2-4 {P < 0.0001), and this 
was followed by a rebound lymphocytosis on days 5-22 {P < 0.0001) in course 1 
(Fig. 4). Both of these changes were dose-dependent {P < 0.01 and P < 0.05, respec- 
tively). Similar results were seen for course 2. In addition, lymphocyte counts on days 
1, 5, 8, and 15 of course 2 were also significantly greater than those days’ values during 
course 1, indicating that the effects of course 1 augment those of course 2 (not shown). 
Lymphocyte cell surface phenotype (percent positive PBMC by flow cytometry; Table 5) 
showed an expansion of CD16''' and CD56''' lymphocytes (NK cell markers) from dl 
(pretreatment) to day 8. This increase was still present on day 29 of course 1 (not shown). 

3.13.3. Soluble IL-2R^ (sIL-2R^) and C-Reactive Protein (CRP) Levels 

SIL-2Ra levels (91,92) were obtained at 7 time points for each treatment course for 
all pts. The sIL-2Ra level was significantly increased over baseline (P < 0.001) for all 
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Fig. 4. Mean PBL count/mL for 3 1 pts completing course 1 . Values from day 2 on are different from 
pretreatment (p < 0/0001). 
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Fig. 5. sIL2Ra levels in sera from day 1 (prior to and at the end of 4 h hul4.18-IL2 infusion) and 
days 2, 3, 4, 5, and 8 for 31 patients completing course 1. All values from day 2 on are greater than 
baseline (p < 0.0001). 



time points from days 2-8, during both course 1 (Fig. 5) and course 2 (not shown). SIL- 
2Ra levels peaked at day 4-5 and then declined. The increase in sIL-2Ra was found to 
be dose dependent (P - 0.014). sIL-2Ra values for course 2 were increased compared 
with corresponding values in course 1 for days 1-5 for patients receiving the same dose 
in both courses (P < 0.02). The pretreatment CRP value of 2.4 mg/dl increased to 14.9 
after 2 doses of hul4. 18-IL-2 (P < 0.001) and returned to normal after 3 wk (not shown). 

3.13.4. NK AND ADCC Activity 

The LA-N-5 NBL cell line that expresses GD2 and binds hul4.18-IL-2 was used to 
evaluate IL-2 activated NK function and ADCC on PBMC from 3 1 patients complet- 
ing course 1 (Table 6). Cytotoxicity was evaluated in a standard 4-h (51) Cr release 
assay using three different effector to target (E:T) ratios. The targets were incubated in 
the presence of PBMC obtained from patients on day 1 (ClDl, before treatment) and 
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Table 6 

Lytic Units LA-N-5 ± SD 





ClDl 


C1D8 


P 


Medium 


5.3 + 2.2 


9.7 + 2.2 


0.09 


IL-2 


11.9 + 6.5 


39.6 + 6.6 


0.006 


Hul4.18-IL-2 


173 + 36 


404 + 37 


0.003 



Table 7 

% Cytotoxicity on K562 +SD 





ClDl 


C1D8 


C1D22 


NK(medium) 


11.1+2.8 


*19.7 + 3.0 


**22.6 + 2.8 


NK (IL-2) 


22.2 + 4.1 


**48.8 + 4.6 


**40.7 + 4.2 



*P < 0.05 
**P<0.01 



day 8. Lytic units/10^ cells were measured in cultures containing medium alone, IL-2 
or hul4.18-IL-2. There was a significant increase in killing mediated by lymphocytes 
collected on C1D8 when compared with ClDl when IL-2 or hul4.18-IL-2 were added 
to the assay. Because the LA-N-5 target is relatively resistant to fresh NK cells, it is 
useful for measuring IL-2 augmented killing and ADCC. However, the weak killing of 
LA-N-5 mediated by fresh PBMC in medium (without supplemental IL-2 in vitro) was 
not significantly greater on d8 than on dl. For patients 19-33, standard NK assays were 
performed on days 1, 8, 15 and 22, using the NK susceptible K562 target cells (Table 
7; E/T 60:1). A significant increase in NK lysis of K562 target cells, either in medium 
or IL-2, was seen on d8 and d22 vs dl. 

3.13.5. Immune Function of IC Circulating in Patient Sera 

Serum samples from selected patients were also evaluated to determine functional IL-2 
activity of circulating IC and anti-GD2 binding ability of the mAh component of IC. 
The IL-2 responsive Tfl(3cell line (93,94) demonstrated IL-2-induced proliferation with 
patient serum obtained during the first 4 h following the infusion of hul4.18-IL-2 (data 
not shown). Values returned to baseline with serum obtained by 20 h after this infusion. 
Serum samples collected at these same time-points were also examined by flow cytom- 
etry for the presence of intact hu 14. 18 -IL-2 IC that retains its IL-2 component and its 
anti-GD2 antibody activity. Patient serum samples obtained 4-8 h following the hul4.18- 
IL-2 infusion contained hu 14. 18 -IL-2 capable of binding to the M21 (GD2''') cell line and 
delivering IL-2 to its surface as detected by flow cytometry using a PE labeled anti-IE-2 
detection antibody (84) (data not shown). 

3.13.6. Ex VIVO ADCC 

The same ADCC assay as shown in Table 6 was performed with PBMC from day 8; 
however, instead of adding hul4.18-IE-2 to the assay, serum obtained from the patient 
(before [pre] or after [4 h] hul4.18-IE-2 administration) was added. As shown in Pig. 6, 
PBMC obtained from patients on C2D8 mediated augmented killing of the EA-N-5 cell 
line in the presence of serum obtained following hul4.18-IL-2 administration, compared 
to that observed with serum obtained before infusion (P < 0.05). Thus the hul4.18-IL-2 
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Effectors — + — + 

Fig. 6. LA-N-5 NBL were killed in a 4-h assay with serum obtained pretreatment or at the end of the 
4-h hul4.18-IL2 infusion with or without PBMC effectors obtained on course 2 day 8. 

circulating in patients after IV administration is able to facilitate ADCC with PBMCs 
activated in vivo by hul4.18-IL-2 from that same patient, suggesting that in vivo condi- 
tions were achieved to allow ADCC. 

3.14. A Phase-I Study of hul4.18-IL-2 in Children With GD2* Tumors (87) 

This recently completed trial, was conducted by the Children’s Oncology Group (87). 
Hul4.18-IL-2 was given as 4-h infusions for three consecutive days each month to 28 
children with GD2-I- tumors. This is the same as the administration schedule of hu 14.1 8- 
IL-2 used for the adult melanoma study. Unlike the adult study, up to four courses (rather 
than 2) could be given for patients with stable disease. Interest in this study was great and 
required that COG establish a new “random selection assignment system” to fairly assign 
patients to spots in this study from the many patients attempting to become enrolled. 

3.15. Mechanisms of Antitumor Efficacy 
and Escape in Tumor-Bearing Mice 

Continued basic and preclinical studies have focused on mechanisms whereby IC 
treatment may be even more effective against established cancers. 

3 . 15 . 1 . Tumor Escape 

Treatment of tumor-bearing mice with hul4.18-IL-2 can cause dramatic antitumor 
effects. Initial experiments involved mice with newly established tumors (20,21,61,62). 
However, current and future clinical application of this approach involves treating patients 
with clinically evident cancer that has already been diagnosed. Even high risk patients that 
have achieved remission as a result of surgery, radiotherapy, and/or chemotherapy are 
expected to have a substantially greater tumor load than mice injected 1-3 d earlier with 
IV or SQ tumor. Thus we have initiated 5 d of IC treatment at later times after IV injec- 
tion of NXS2 tumor cells. Liver metastases were scored on d28 (Fig. 7). PBS-treated mice 
had >200 metastatic liver foci, whereas mice treated on day 9 showed 50-80 foci, and 
mice beginning treatment on day 5 had relatively few foci. These results indicate that the 
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Fig. 7. Hul4.18-IL2 is more effective against minimal disease. hul4.18-IL2 (10 |lg/d) for 5 d start- 
ing on days 5, 7, 9, or 11 following 5 3 10^ NXS2 cells injected on day 0, and harvested on day 28. 




Days Post Tumor Injection 

Fig. 8. Suboptimal hul4.18-IL2 induces transient resolution of NXS2 tumors. Eight mice were 
injected SQ with 2 X 10® tumor cells on day 0. Mice were treated with 5 mcg/d IC or PBS for 5 d 
starting on day 5. Data points represent mean ± SD of 4 PBS treated mice (triangles) and data from 
4 individual IC treated mice (diamonds, circles, boxes, and stars). 

hul4.18-IL-2 treatment is more effective when initiated early after establishment of 
metastases when there is a smaller tumor burden. Similar analyses looked at the ability of 
hul4.18-IL-2 to eradicate measurable SQ NXS2 tumors. Hul4.18-IL-2 injected IV start- 
ing on d9 caused most tumors to shrink, some to the point of nondetection. Nevertheless, 
most of these tumors recurred over the next 3 wk and were then fatal (Fig. 8). Thus these 
tumors initially respond to the immunotherapy, but then escape. 

We have used this SQ NXS2 model to address the mechanisms of escape from 
hul4. 1 8-IL-2 immunotherapy (95) to devise therapies that are more effective and prevent 
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Fig. 9. MFI mean ratios for 5 NXS2 cultures, 5 SQ control NXS2 tumors (PBS) and 6-10 SQ tumors 
that recurred after FLT3-L or IC treatment. Compared to control tumors, tumors from hul4.18-IL2- 
treated mice had elevated MHC (p < 0.001) and decreased GD2 (p < 0.02), and MHC on Flt3-L 



escape. First we confirmed that the partial control of NXS2 tumors in this model was NK 
mediated. We then found that NXS2 tumors that recurred following hul4.18-IL-2 treat- 
ment showed enhanced (>fivefold) MHC class I expression compared to NXS2 tumors 
from PBS-treated mice(Fig. 9). Enhanced MHC class I expression on NXS2 cells was 
associated with reduced susceptihility to both NK cell-mediated tumor cell lysis and 
ADCC in vitro (not shown) (95). This is likely the result of Ly49 inhibitory receptors on 
the NK cells in response to the elevated MHC-I on the modulated NXS2 tumor cells. We 
have shown that ADCC induced by a separate IC (KS-IL-2) (96) is augmented by anti- 
Ly49 mAh that blocks the inhibitory interaction of the Ly49 receptor and the MHC-I 
molecule during the IC facilitated ADCC interaction (97). The recurrent NXS2 tumors 
following hul4.18-IL-2 were not constitutive high MHC class I expressers, as their class I 
levels returned to near normal after culturing them for 1 wk (not shown) (95). This result 
suggested that the immunotherapeutic effect of NK mediated ADCC using the IC caused 
a physiologic modulation of class I MHC in vivo on NXS2 cells that had survived the 
initial ADCC interactions. This result was then replicated in vitro. When NXS2 tumor 
cells were cultured with IL-2 activated splenocytes together with hul4.18-IL-2, most 
tumor cells died during the 5-day culture; however, some survived. Those NXS2 tumor 
cells that survived demonstrated enhanced levels of MHC class-I, which could be pre- 
vented if anti-IFN-y antibody was added to the culture (Fig. 10). These results suggest 
that the ADCC process is associated with anti-IFN-y release by the NK cells as they are 
destroying some of the NXS2 cells; however, residual NXS2 cells in the microenviron- 
ment that have not yet been destroyed by ADCC would be induced by the anti-IFN-y to 
increase their MHC class-I and thereby escape from the ADCC (95) . 

We next showed that recurrent NXS2 tumors that escaped from a T-cell mediated 
response (induced by Flt3-L) have decreased expression of MHC class I antigens (Fig. 9) 
(95) This decrease in MHC class-I should make these tumor cells more resistant to T-cell 
mediated destruction, as shown for many other T-cell resistant murine tumors (98-100). 
Thus NXS2 cells may express either higher or lower levels of MHC class I to resist either 
NKcell (ie: 14.18-IL-2), or T-ceU (i.e., Flt3-L)-mediated immunotherapy, respectively. These 
data support the following hypotheses: 1) Enhanced activation and targeting of tumor- 
reactive effector cells should be induced at a time of minimal tumor burden; 2) Enhanced 



414 



Part IV / Cytokines in the Treatment of Cancer 



120 



100 



•B 8 0 



b 

S 60 

o 

tS 

cB-40 



20 



□ H 2Kk 

■ H 2Dd ^ 

■ 1 


B 

J J 




1 


rl 


media hul4.l8-IL2 


media media+ hul4.18-IL2 hul4.l8-IL2 

anti-IFNy + anti-IFNy 


No Treatment Splenocytes 


IL2 Treatment Splenocytes 



Fig. 10. MHC class I expression is increased on NXS2 cells when cocultured (5 d) with hul4.18-IL2 
and splenocytes from IL2-treated mice. Anti-IFNg mAh (50 mcg/mL) on day 0 blocked this. 



activation and targeting of tumor-reactive elfector cells should be induced to an effective 
level and sustained as tolerated, to destroy tumor cells before they may be able to mod- 
ulate their behavior and induce resistance mechanisms; 3) Activating and targeting of dis- 
tinct populations of tumor-destructive effector cells (i.e., NK cells, T-cells, 
macrophages), either in parallel (simultaneously) or in series (consecutively) should 
allow the distinct destructive mechanisms of these effector cells to prevent resistance, as 
tumor cells that become resistant to one, may retain sensitivity to another (95). 

3.15.2. Combining hu14.18-IL-2 With Constant Infusion IL-2 As an Initial Step 

We tested whether augmented activation of NK cells can help hul4.18-IL-2 to be 
more effective in destroying NXS2 in vivo (101) .In vivo administration of IL-2 induces 
a systemic activation of NK cells (11,56). Furthermore, administration of IL-2 by con- 
stant infusion (c.i.) appears more potent at causing NK activation (57,102-104). We 
thus delivered IL-2 to NXS2 tumor bearing mice by c.i. for 7d with Alzet SQ osmotic 
infusion pumps. The addition of this c.i. IL-2 treatment to a suboptimal hul4.18-IL-2 
regimen started 9 d after injection of NXS2 tumors provided enhanced control of 
metastatic liver disease (Fig. 11). It also induced complete eradication of 9 d SQ NXS2 
lesions in many treated animals. For example, in one experiment, IC started on d9 for 
mice with SQ tumors resulted in two of eight mice tumor-free, whereas eight of eight 
mice became and remained tumor-free after the combined IC plus IL-2 regimen (not 
shown) (101). Animals showing long term eradication of their primary NXS2 tumors 
following combined IC plus IL-2 therapy demonstrated T-cell memory, able to protect 
against a rechallenge of NXS2 cells (101) (not shown). 
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Fig. 11. Mice with 9-d hepatic metastases received IC, 1L2, or both. Tumor foci were scored on day 
28. Each symbol represents a mouse. Mice treated with 1C + IL2 had fewer metastases than all three 
other groups (p < 0.05). 



3.16. Preclinical Testing of Recently Created Immunocytokines 

3.16.1. Species-Related IL-2 Bioactivity 

Clinical testing of both hul4.18-IL-2 and huKS-IL-2 has provided important insights 
into the relative biologic activities of these molecules in mice and man and has 
prompted us to re-examine the IL-2 bioactivity in the two species. This has led to the 
observation that these IL-2 based immunocyokines are far more potent in man than they 
are in mice. For example, when human immune cells, e.g., human T-cell lines, bearing 
the high affinity IL-2R are used to measure bioactivity and the ICs are compared to 
human rIL-2, they are equally potent on a molar basis. In mice, both ICs are roughly 
threefold less active than human rIL-2. The situation is even more pronounced when 
mouse immune cells bearing only the intermediate affinity receptor are used, e.g., 
mouse NK cells, in which case the ICs are roughly 20-fold less active than human rIL-2 
(unpublished results). This relative selectivity for the high affinity receptor bearing cells 
over those expressing only the intermediate receptor might be advantageous in improv- 
ing the therapeutic index of IL-2 ( 105 ). The basis of this approach is that, upon intra- 
venous administration, the selective form of IL-2 would have a reduced ability to trigger 
responses in the vascular compartment in which most cells express only the intermedi- 
ate affinity IL-2R. The same molecule would still maintain the ability to trigger cells 
bearing the high affinity IL-2R, such as T-cehs encountering tumor cells or their anti- 
gens in the tumor microenvironment or in draining lymph nodes. A similar rationale has 
been proposed for selective activation using low dose, subcutaneous administration of 
rIL-2 ( 106 ). This selectivity of IL-2 based ICs on T versus NK cells is better seen in 
mouse rather than human therapy. Therefore, we have taken multiple approaches that 
might improve the therapeutic index in man. 

3.16.2. Subcutaneous Dosing 

We have found that subcutaneous dosing of IL-2 based ICs greatly reduces the over- 
all bioavailability in the blood by reducing the Cmax but sustains the overall duration at 
lower concentrations. Such an approach would favor the selective activation of high 
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affinity IL-2R bearing cells while reducing the vascular toxicity. Although this effect is 
similar to that of rIL-2, the longer circulating half-life of ICs might increase the success 
of such an approach through the specific targeting of tumor cells. To improve this fur- 
ther, we have modified sequences in the junction between the antibody and IL-2 com- 
ponents that greatly improve the half-life and thus increase tumor targeting to an even 
greater extent. To avoid a potential increase in immunogenicity owing to subcutaneous 
dosing, we have taken an additional step in de-immunizing our IC molecules. This is 
achieved by removing helper T-cell epitopes capable of binding the class II MHC mol- 
ecules and thus providing helper function for B-cell antibody production. Mutations are 
made that remove these potential epitopes in the antibody V regions as well as at the 
junction between the antibody H chain and IL-2 that might represent a neo-epitope. The 
first de-immunized, long-acting IC that we produced was derived from huKS-IL-2 and 
is called DI-2. Its circulating half-life in mice and monkeys is roughly 12 h (compared 
to 4 h for huKS-IL-2) following IV injection and shows reduced immunogenicity in 
monkeys. Preliminary efficacy studies in mouse tumor models show a potent antitumor 
effect when administered by the subcutaneous route and at doses that are far below 
those causing overt toxicity. It remains to be seen if the same reduction in toxicity and 
lack of immunogenicity will be seen in human clinical trials. 

3.17. Targeting Hematologic Tumors 

Most of our previous work with immunocytokines has focused on targeting solid 
tumors expressing either the ganglioside GD2 or the pan-carcinoma antigen, EpCAM. 
Clinically, however, antibodies have proven more effective against hematologic tumors. 
The best example is the anti-CD20 chimeric antibody, rituximab, for the treatment of 
non-Hodgkin’s lymphoma. Recently we have constructed and tested an IL-2 based IC 
containing the V regions from the well-known anti-CD20 antibody, Leul6 ( 106 ). We 
have used the technology developed with DI-2 to increase its circulating half-life and 
have also de-immunized both the V regions and the fusion junction. Thus, both intra- 
venous and subcutaneous administration of DI-Leul6-IL-2 could be considered for 
clinical trials. This IC has been tested in a SCID mouse model of disseminated Daudi 
lymphoma and has proven to be highly efficacious as a single agent, even when admin- 
istered long after disease has been established and despite a complete lack of functional 
T-cells. It has also been found to be more efficacious than higher doses of an anti-CD20 
antibody and rIL-2. We are currently testing DI-Leul6-IL-2 in a sygeneic model to test 
whether antitumor efficacy in immune competent animals leads to T-cell cross-priming 
and the development of a long term memory response. Clinical testing of this IC is 
planned for 2007. 

3.17.1. Reduced-Toxicity IL-2 Based ICs 

An additional approach we have taken to reduce the IL-2 related side effects of our 
ICs is to modify their IL-2R selectivity to an even greater extent than what we currently 
see in mice. As discussed above, the IL-2 based ICs containing wild-type human IL-2 
are approximately sevenfold selective for the high affinity receptor, relative to free IL- 
2. We then screened several IL-2 mutants for far greater levels of selectivity and that 
would have the same pattern of selectivity for both mouse and human immune cells. 
One such mutant is D20T, in which the aspartic acid at position 20 that is known to 
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interact with the beta chain of the IL-2R, has been mutated to threonine ( 108 ). 
Interestingly, this mutation has little or no effect on the selectivity of receptor binding 
as a free molecule, but is >500-fold selective for the high affinity receptor when it is 
fused to the carboxyl terminus of an antibody H chain. Also, this selectivity is quite sim- 
ilar for both human and mouse IL-2 responsive cells and cell lines. A number of pre- 
clinical studies have demonstrated that this IC with the D20T mutation is far less toxic 
than the same IC with wild-type IL-2 using a short term (5 day) dosing scheme, and has 
nearly the same level of antitumor activity. These results support the hypothesis that 
selective activation of immune cells bearing only the high affinity IL-2R can result in 
antitumor responses. It remains to be determined whether this approach translates into 
an improved therapeutic index in man. 

3.17.2. ICs Based on Other Cytokines 

We and others have already described several ICs based on additional cytokines 
including TNFa and TNF(3, GM-CSF, IFNs, and IL-12 (reviewed in ref. 108 ). Recently 
we have applied the same technology with many additional cytokines, especially those 
with a potential for antitumor immune stimulation. Most of these ICs have not yet 
shown the potency of IL-2 and IL-12 in preclinical models, at least when applied as 
monotherapies. Finally, we have recently reported on the combination of two potentially 
synergistic cytokines in a single molecule. One very potent molecule consists of a 
fusion of IL-12 and IL-2 that together are fused to a whole antibody targeting the pan- 
carcinoma antigen EpCAM ( 109 ). Intratumoral injection of this multi-functional mole- 
cule caused regression of established tumors in mice and lead to potent systemic 
immunity rendering mice resistant to a lethal injection of the same tumor months after 
regression of the primary lesion. Futher exploration of this approach and in the use of 
combination therapies with traditional chemotherapy, targeted therapies, and other 
immune approaches is needed to fully understand what role ICs might play in future 
therapies of cancer. 



4. SUMMARY 

Preclinical testing demonstrates that enhanced antitumor efficacy can be obtained 
when tumor reactive antibodies are liked to immune-activating cytokines. This has now 
been demonstrated in several murine tumor models, utilizing different tumor reactive 
mAh and different cytokines. Efficacy in these models is most prominent when ICs are 
used in the MRD setting. Phase I and II clinical testing is proceeding for the lead com- 
pounds (hul4.18-IE-2 and huKS-IE-2). Eaboratory developments are testing the bene- 
fits of combining ICs with chemotherapy, anti-angiogenic therapy ( 110 ) and other 
immunotherapies, while molecular modifications are being made in ICs to enhance effi- 
cacy while limiting toxicity. 
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1. INTRODUCTION 

Since the late 1980s, tumor immunology has made tmly revolutionary progress. Perhaps 
the two most significant contributing factors are the discovery of tumor antigens (TAs) and 
advances in cytokine-biotechnology. Molecular characterization of T-cell-epitopes within 
TAs led an evolution of tumor immunology from the rather empirical observation of tumor 
regressions into a sophisticated science established on a solid molecular basis ( 1 , 2 ). In addi- 
tion, the availability of recombinant cytokines and their cDNAs promoted our understand- 
ing of the role of cytokines in tumor immunosurveillance, and allowed us to examine the 
administration of cytokines to facilitate anti-tumor inflammatory response within the tumor 
microenvironment. 

Cancer vaccines were designed to induce systemic immunity against nominally weak 
tumor antigens for which no or little response could be measured. In particular, in recent 
years, T-cell epitope-peptides within the TAs have been, or are being, used in clinical trials 
to induce or enhance the TA-specific cellular immune response of the host ( 3 - 5 ). 
Regrettably, induction or enhancement of antitumor immune reactivity detected by various 
immunologic monitoring methods has not closely correlated with tumor regression ( 6 , 7 ). 

The rejection of tumors by an immune system activated by TA-specific vaccination is 
the final outcome of a series of events that initiate with an immune or inflammatory 
response at the site of vaccination to the execution of tumor cells within the tumor tissue. 
The phenotypic characteristics and activation status of the antigen-presenting cells 
(APCs) that accumulate at the vaccine site will determine their ability to initiate the acti- 
vation and expansion of TA-specific T-cells within draining lymph nodes, which in turn 



From: Cancer Drug Discovery and Development, 

Cytokines in the Genesis and Treatment of Cancer 
Edited by: M. A. Caligiuri and M. T. Lotze © Humana Press Inc., Totowa, NJ 



423 




424 



Part IV / Cytokines in the Treatment of Cancer 



may induce a systemically detectable immune response. Vaccine-induced effector cells 
are expected to traffic to the tumor site and exert their antitumor activity. However, by a 
variety of mechanisms that are often called as “immune-escape of the tumors,” the tumor 
microenvironment is not always favorable for immune effector cells. Cytokines can 
influence the outcome of each stage of response within the tumor microenvironment. 
Delivery of pro- inflammatory cytokines at the site of vaccination may enhance induction 
of immune response by activating and maturing APCs. At the target tumor site, delivery 
of immunostimulatory cytokines may modulate the tumor microenvironment in such a 
way that the vaccine-induced effector cells can infiltrate and recognize the tumor cells 
more efficiently. 

This chapter reviews recent progress in studies aimed to potentiate the efficacy of can- 
cer vaccines by delivery of immuno- stimulatory cytokines using recombinant cytokines 
or cytokine gene therapy strategies. The main message from this chapter is that proper 
understanding and use of cytokines are necessary for achieving clinical anti-tumor 
effects employing various cancer vaccine strategies. 

2. CANCER VACCINE IN COMBINATION 
WITH RECOMBINANT CYTOKINES 

Cytokines function in either an autocrine or paracrine manner and tend to operate in 
cascades, regulating both the innate and adaptive immune systems. Although many 
cytokines are required to orchestrate a successful immune response, the list of recombi- 
nant cytokine proteins that are currently approved by the Food and Drug Administration 
for patients with cancer comprises only IL-2 and IFN-a. In addition to their standard 
use for cancer treatment, these cytokines have been shown to enhance the efficacy of 
antigen- specific cancer vaccines. 

As discussed in the Introduction, the current paradox with the application of cancer 
vaccines include the discrepancy between the increased number of TA-specific T-cells 
that are capable of binding TAs and the lack of clinical response in the same patient. 
What are the key factors that create such a paradoxical puzzle of the coexistence of can- 
cer cells and effector immune cells in the same host? Indeed, although immunization- 
induced T-cells are capable of binding antigen-epitope specific tetramers, they do not 
express perforin and are of small size, which is a phenotype compatible with a resting 
state ( 8 ). Thus, it remains undefined whether the activation status of circulating vaccine- 
induced antigen-specific CDS"'' T-cells is adequate to induce tumor regression. In vitro 
stimulation of these cells in the presence of IL-2 restores expression of perforin, suggest- 
ing that circulating vaccine-elicited T-cells require additional boosting stimulation in 
vivo to exert their antitumor response ( 8 ). Spontaneous inflammatory reaction at the site 
of tumor probably is not sufficient to promote the full-activation of tumor-infiltrating 
T-cells. Therefore, the additional inflammatory stimulus brought to the tumor site by 
nonspecific immune stimulation, such as the systemic administration of IL-2, may shift 
the balance in favor of host defense, and response to therapy may occur ( 3 ). 

The complex requirements for T-cell activation through TCR-HLA-epitope engage- 
ment render cellular immune responses heavily susceptible to changes in target mole- 
cule expression. This is a significant problem because tumor cells frequently display 
downregulated HLA expression ( 9 ). HLA-epitope complex loss from tumor cells has 
an obvious effect on their recognition by TA-specific T-cells, and indeed, HLA-epitope 
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complex downregulation on tumor cell membranes correlates with decreased T-cell- 
triggering capability (10). 

Delivery of interferons (IFNs) may help to overcome the issue of downregulated HLA- 
epitope complexes. IFNs are a complex family of proteins that can be subdivided into at 
least five classes. IFN-a, (3, 6, and k belong to type-I class of IFNs (11,12)\ whereas IFN-y 
represents is a type-II IFN. Type I IFNs have a variety of functions including activation of 
APC, natural killer (NK) cells and cytotoxic T-lymphocytes (CTLs) generation and induc- 
tion of memory (13y, and up-regulation HLA expression (14). Currently, IFN-a is 
approved for treatment of patients with high-risk malignant melanomas (15). 

Astsaturov et al. examined whether addition of high doses of IFN-a (20 MU/m^ x 20 
doses) could improve the duration of specific T-cell responses and therapeutic effects of 
viral vaccines expressing a melanoma associated antigen gplOO. In patients who had 
previously responded to vaccination, subsequent administration of high dose IFN-a 
recalled gp 100-reactive T-cells with the ability to kill gp 100-expressing tumor targets in 
vitro. Concomitant with the reappearance of these CTLs, tumor regression was 
observed in the two patients with clinically evident metastatic disease. Although data 
are still preliminary and toxicity associated with IFN-a is of concern, these data sug- 
gest that high-dose IFN-a may be an effective strategy to recall and maintain antitumor 
responses initiated by cancer vaccines (16). IL-12 has also been used as an adjuvant 
with peptide vaccines in patients with resected stage III/IV melanoma and is able to 
boost the vaccine response (17). 

3. CYTOKINE GENE TRANSFECTED CANCER VACCINES 

Recombinant cytokine proteins have been employed as biologic drugs for cancer, 
viral, and autoimmune targets. Unfortunately, systemic delivery of pharmacologic doses 
of proteins often results in severe side effects and toxicities (18). Furthermore, recombi- 
nant proteins made by bacteria lack post-transcriptional modifications such as glycosy- 
lation. Their administration therefore can lead to reduced biologic activity, and induction 
of neutralizing antibodies. As these therapeutic proteins tend to have very short half-lives 
and are complex to manufacture and deliver, many investigators are evaluating the 
genetic delivery of cytokine genes. Physiologically, most cytokines are quite potent pro- 
teins acting at small quantities. Although they circulate systemically, they are generally 
produced at the precise site where they are needed. Their requisite biologic effect is 
mediated by high local concentration at the site of inflammatory response. 

3.1. Cytokine Gene Therapy Using Gene-Transfected Tumor Cells 

One of the early concepts of gene transfer to promote immunotherapy against cancer 
employed genetic modification of tumor cells with a cytokine gene either by ex vivo trans- 
fection of tumor cells or in vivo intratumoral injection of gene-vectors. The modulation of 
the tumor immune microenvironment with delivery of various cytokine genes induces an 
inflammatory process thereby enhancing immunogenicity of TA in vivo (19). This inter- 
pretation fits well with the “danger” model postulated by Matzinger (20) and recently 
updated and expanded to include the notion of hydrophobicity of so called exogenous and 
endogenous danger signals (21). This approach is used as a means of inducing systemic 
responses that can target residual primary, as well as, metastatic lesions. Therapeutic 
effects of cytokine gene transfer in a preclinical setting, i.e., those which are capable of 
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allowing or inducing rejection of well established tumors, have now been demonstrated 
with cytokines including but not limited to IL-2 ( 22 - 24 ), GM-CSF ( 25 , 26 ), Type-I IFNs 
such as IFN-a ( 27 - 29 ), IL-4 ( 30 ), IL-12 ( 31 ), IL-18 ( 32 ), and IL-23 ( 33 ). 

The most effective cytokine for vaccination may differ depending upon the location 
and the type of the tumor because each organ has distinct immunologic environment. 
With this regard, we have compared various cytokines and delivery modes to find the 
most efficacious strategy of cytokine gene therapy against central nervous (CNS) tumors 
( 30 ), which often has been described as “immunologically privileged” tumors ( 34 ). We 
generated rat 9L gliosarcoma cells stably transfected with retroviral vectors encoding IL-4, 
IL-12, GM-CSF, or IFN-a. To simulate direct and highly efficient cytokine gene deliv- 
ery, 9L cells transfected with cytokine genes were implanted into the brain of syngeneic 
rats. Despite high levels of cytokine expression within the CNS tumor site, most animals 
died from the tumor outgrowth, whereas these same cell lines were rejected following 
subcutaneous (sc) injection. In the settings of treatment of nontransfected 9L tumor in 
the CNS, sc vaccination with IL-4 transfected 9L resulted in the most significant increase 
of long-term survival among the cytokines tested. Interestingly, for the treatment of sc 9L 
tumors, GM-CSF-, IL-4, and IFN-a transfected 9L were equally effective. These data 
indicate that peripheral immunization with IL-4 transfected tumors may have unique 
ability to induce effective immune response against CNS 9L tumors ( 30 ). 

As with other cytokines, IL-4 has pleiotropic effects on immune cells of multiple lin- 
eages (reviewed in refs. 35 , 36 ). Among its various interesting biologic properties, IL-4, 
in combination with GM-CSF, promotes bone marrow precursors or monocytes to 
develop/convert into DCs, which are the most efficient APCs in vitro in both mice and 
humans ( 37 , 38 ). The local production of IL-4 by genetically engineered tumor cells 
induces potent protective ( 39 , 40 ), as well as, therapeutic immunity ( 41 , 42 ) in animal 
models. Interestingly, IL-4 transduced cancer cells display increased lesional infiltration 
by DCs, relative to other cytokines ( 43 ), which may result in enhanced cross-presentation 
of tumor-associated antigens. IL-4 plays an important role in DC maturation ( 44 ) and 
promote enhanced IL-12p70 secretion from DCs ( 45 , 46 ). Thus, under certain circum- 
stances, this typical Th2-type cytokine may indirectly (through its effects on DCs) 
polarize helper T-cell responses toward the Thl-type ( 45 , 46 ). Indeed, local delivery of 
IL-4 at an immunization site in a Leishmania major model results in augmented IL-12 
production and Thl-type responses in vivo ( 47 ), which contrasts with the Th-2 type 
response associated with systemic or prolonged recombinant (r)IL-4 delivery in the 
same disease model. In addition, in the analyses of underlying mechanisms of the anti- 
tumor immunity induced by IL-4 gene transfected tumors by us and others, remarkable 
levels of IFN-y were induced in the splenocytes and lymph node cells, suggesting that 
this type of vaccine tends to induce Th-1 type responses in certain models ( 48 , 49 ). 
Novel findings on cytokine biology provide us with insights regarding the most suitable 
cytokines and the location and timing of their administration for optimum induction of 
antitumor immune responses. 

3.2. Cytokine Gene Therapy Using Gene-Transfected DCs 

In addition to transfection of autologous tumor cells, recently, the ex vivo transfer of 
genes to immune cells has shown positive impacts on cancer immunotherapy. 
Particularly, DC based vaccination represents a promising approach against cancer as 
DCs play a pivotal role in mediating immune responses. Although DCs are known to 




Chapter 22 / Cytokines and Cancer Vaccines 



427 



secrete cytokines and chemokines that have critical roles for activating antigen-specific 
effector T-cells ( 50 , 51 ), the tumor microenvironment inhibits expression of these 
endogenous cytokines such as IL-12, IL-23, and IFN-a ( 52 ). It was reasoned, therefore, 
that forced expression of immunostimulatory cytokines hy means of ectopic expression 
of transgenes would enhance the antigen-presenting function of DCs ( 53 ). In contrast to 
cumhersome procedures necessary for ex vivo gene-transfection of tumor cells, DCs are 
efficiently transfected using viral vectors such as adenoviral vectors ( 54 - 56 )-, and thus, 
delivery of immunostimulatory cytokines via DCs has been extensively explored recent 
years. The other advantages of DCs as vehicles for adenoviral vector-based cytokine 
genes are: (1) to provide supplemental APCs to tumors where the function of endogenous 
APC may be suppressed ( 57 )-, (2) to deliver T-cell-stimulating cytokines not only the 
tumor site, but also to the draining lymph nodes (LNs) because DCs migrate to LNs, 
allowing for benefits of cytokine delivery to be manifest in both of these clinically impor- 
tant tissue compartments; and (3) that this approach will likely prove safer than injection 
into sensitive organs such as the CNS of high-titer recombinant adenoviruses for ultimate 
clinical translation of our findings ( 58 ). 

In terms of the relative efficacy, vaccinations with GM-CSF-transfected DC induced 
a higher level of antitumor response than GM-CSF-transfected tumor cells in a 
melanoma model that express human melanoma-associated gene (MAGE)-l as the 
model antigen ( 59 ). With the paradigm of subcutaneous injection of DCs that are pulsed 
with tumor antigens ex vivo, DCs transfected with a lymphocyte attracting chemokine 
lymphotactin displayed enhanced antitumor response ( 60 , 61 ). 

Cytokine-transfected DCs were also injected directly to the tumor tissues. IL-12 trans- 
fected DCs, when injected into tumor-nodules, induced potent antitumor immune 
responses that resulted in a complete eradication in various tumor models ( 53 , 62 ). In these 
models, tumor antigens were acquired by DC in the tumor environment and transported 
to lymph nodes. Transgene-derived IL-12 appeared to promote DC-survival and induction 
of ILN-y-producing CTL activity. In addition, IL-12 may activate DC themselves by 
nuclear translocation of NL-kB, which resulted in endogenous IL-12 production ( 63 ). IL-12 
production may also promote interaction between natural killer (NK) cells and DCs 
thereby enhancing the induction of type-1 adaptive immunity ( 64 ). Delivery of IL-12 
transfected DCs appears to trigger a concerted immunologic milieu; activated NK cell- 
mediated tumor cell-killing may facilitate the release of tumor antigen, which in turn can 
be engulfed by DCs. In the draining lymph nodes, DCs present tumor antigens and still 
express IL-12, thereby promoting an induction of type-1 adaptive T-cell responses. 

Not only the immune system, but also IL-12-induced anti-angiogenic effect may also 
have contributed in the antitumor effect as IL-12 is known to induce ILN-y and secondary 
inflammatory/anti-angiogenic chemokines such as interferon-inducible protein (IP)- 10 
and monokine induced by ILN-y (MIG) ( 65 , 66 ). 

Another potent Th I -biasing cytokine IL-I8 is known to activate antitumor response that 
is primarily mediated by NK cells ( 67 ). The presence of NK cells and DC was essential for 
the induction of tumor-specific CTL activity by IL-18 in vitro ( 68 ). In this system, NK cells 
played a critical role in the release of tumor antigens. Intratumoral injection of DCs aden- 
ovirally engineered to secrete both IL-12 and IL-18 resulted in enhanced antitumor 
response in comparison to single cytokine regimens. The IL- 12/IL- 1 8 combination regimen 
displayed the broadest repertoire of ILN-y response to acid-eluted, tumor-derived peptides 
among all treatment cohorts. This enhancement of cross-presentation of tumor-associated 
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A IC-mock-transfected DC B 1C IFN<x transfected DC 





Fig. 1. Intratumoral injection of DC-IFN-a enhances the efficacy of vaccines with a mouse MHC class 
I K^’-restricted OVA257 264 ^ mouse MHC restricted OVA2« 280 '"tumor” epitopes. C 57 BL /6 mice 

received two cycles of sc preimmunizations with either the IV’-restricted peptide epitope OVA257 264 
(SIINFEKL, closed circles), the I-A’’- restricted peptide epitope OVA2g5_280 (TEWTSSNVMEERKIKV, 
open diamonds) or both epitopes (closed diamonds). Control animals received nonpulsed DC only 
(open circles). Animals received i.t. injection with mock-transfected DCs (A) or IFNa- transfected 
DCs (B). n = 10 in all groups; Significance of differences (Logrank test): (A), OVA257 264 peptide: 
P < 0 . 0001 ; OVA2gj_280 peptide: P = 0 . 5830 ; OVA2g7_264P^'^® ^^^265-280 peptide: P < 0 . 0001 ; 
OVA257 264 plus OVA2gg_28o 0 ^^ 257 - 264 ’ ^ ~ 0 . 7330 ; (B), OVA257 264 peptide: P< 0 . 0001 ; 
0 ^^ 265-280 peptide: P = 0 . 0174 ; OVA2g7_264 OVA2gj_28o uo peptide: P < 0 . 0001 ; OVA2g7_264 

plus OVA2g5_28o OVA257 264’ ^ ~ 0 . 3458 . Okada H et al. Cancer Research (in press). Reprinted with 
permission by the American Association for Cancer Research. 

epitopes might have resulted from the increased capacity of engineered DCs to kill tumor 
cells and to present immunogenic MHC/tumor peptide complexes to T-cells after intratu- 
moral injection (69). These results support the ability of combined cytokine gene transfer 
to enhance multiple effector functions mediated by intralesionally injected DCs that 
may concertedly promote cross-priming and the accelerated immune-mediated rejection 
of tumors (69). 

3.3. Modulation of Immunologic Microenvironment of CNS Tumors 

with Cytokine-Gene Transfected DCs and TA-Epitope Based Vaccines 

Although we have demonstrated a potent efficacy of peripheral vaccination strategies 
against CNS tumors using CNS-tumor cells (42) or CNS-tumor-antigens (70), the 
immunologic microenvironment of the CNS tumors is still believed to be suboptimal for 
the effective execution of antitumor effector response (34). 

We believe that systemic induction of TA-specific responses by peripheral vaccines 
should be followed by enhanced attraction of, and re-activation of vaccine-induced 
effector cells at the target CNS tumor site. Delivery of appropriate antigen presentation 
signals and stimulatory cytokines at the CNS tumor site may provide assistance to over- 
come tumor-derived immunosuppression. 

Indeed, our data have indicated that injection of CNS tumors with DCs secreting 
IFN-a (DC-IFNa) remarkably enhanced the therapeutic effect of peripheral vaccina- 
tions with DCs loaded with TA-specific T-cell epitopes (55) (Fig. 1). The injected DC- 
IFNa migrated from the CNS tumor site to the draining cervical lymph nodes (CLNs), 
where they cross-primed tumor antigen- specific CTLs (Fig. 2). In this same setting. 
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DC-IFN-a 

PBS 




DC-\|/5 
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Fig. 2. Intratumoral injection of DC-IFNa enhances specific CTL reactivities in the cervical lymph 
nodes of animals that also received peripheral vaccines. Animals pre-immunized with either the 
K’’-restricted peptide epitope OVA257 264 I-A'’- restricted peptide epitope OVA2g5_280 

adjuvant DC only (C) received i.c. injections of M 05 tumors. On day 5 following the intracranial (i.c.) 
tumor challenge, animals also received either IFN-a transfected DC (closed circles), mock-trans- 
fected DC (closed triangles), syngeneic fibroblasts transfected with Ad-IFN-a (open triangles) or PBS 
(open circles). Animals were then sacrificed on day 15 following the i.c. tumor challenge (i.e., 10 d 
after the DC injection), and cervical lymph node (CLN) cells were in vitro stimulated with the K'’- 
restricted peptide epitope OVA2gy_264 ^ These cells were subjected to CTL assays using EL 4 
cells pulsed with OVA257 264 target cells and nonpulsed EL 4 cells as control cells. As the spe- 

cific lysis values against nonpulsed EL 4 cells were constantly below 8 %, data were not included in 
the presented figures. Each value represents the average of triplicate determinations for each group. 
Statistical significance at effector vs target ratio 50: 1 (Student’s t-test); P < 0.05 for DC-IFN-a vs any 
other control group in panels A, B and C. Okada H et al. Cancer Research (in press). Reprinted with 
permission by the American Association for Cancer Research. 



injections of mock-transfected DC or fibroblasts engineered to secrete IFN-a failed to 
demonstrate effective cross-priming or to provide therapeutic benefit, suggesting that 
DC-IFNa is a preferred modality for IFN-a gene therapy of CNS tumors. 

This approach of “prime and boost” by the peripheral TA_vaccine plus intratumoral 
DC-IFN-a may lead to not only the enhancement of the magnitude of response against 
the antigen targeted by the peripheral vaccine, but also diversification of antigen reper- 
toire for the response, thereby inhibiting the outgrowth of tumor cells that do not express 
the original target-antigen (“antigen-loss variant”). 

Taken together, use of DCs that are engineered to express cytokines, such as IFN-a, 
may be an effective cytokine gene therapy approach, particularly in combination with 
peripheral vaccines. 

4. CLINICAL STUDIES OF CYTOKINE-GENE 
THERAPY FOR CANCERS 

The National Institute of Health’s Office of Biotechnology Activities (OBA) web site 
(http://www4.od.nih.gOv/oba/rac/PROTOCOL.pdf) displays over 90 clinical trials with 
regard to cytokine gene transfer. The following section summarizes some of recent pub- 
lished studies (Table 1). 

Trudel et al. conducted a phase-I clinical trial ( 71 ) primarily to test the safety and feasi- 
bility of adenovirus expressing IL-2 in prostate cancer. No dose-limiting toxicity was 
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observed up to 1 X 10*® PFU of virus injection. Pathology demonstrated in some cases an 
inflammatory response consisting predominantly of CD3+CD8+ T-lymphocytes with areas 
of tumor necrosis, accompanied by the decrease of prostate specific antigen (PSA) levels. 

Based on our own studies discussed in Section 3., we initiated a phase I clinical study 
of vaccination with autologous glioma cells that are retrovirally transfected to express 
hlL-4 (UPCI-95-033) (72). Although the study is still ongoing, some patients demon- 
strated temporary clinical and radiological improvement following vaccinations, with 
no evidence of allergic encephalitis (73). 

Although preparation of autologous gene transfected cells may be sometimes diffi- 
cult due to the low-transfection efficacy, alternative strategy may be the use of allo- 
geneic gene-transfected cells. Melanoma vaccines using HLA-A2-I- allogeneic cell line 
transduced with IL-2 or IL-4 (74) demonstrated regression of skin nodules in some 
patients, but no changes were observed in other lesions. The side-effects were mild, 
including transient fever and erythema at the site of injection. Vaccination with allo- 
geneic melanoma cells releasing IL-4 locally can expand a T-ceh response against pep- 
tide Melan-A/MART- 1(27-35) of autologous, untransduced tumor, although only in 
one of six patients’ samples examined (75). 

Sangro et al. evaluated the feasibility and safety of intratumoral injection of an ade- 
noviral vector encoding human IL-12 gene (Ad.IL-12) and secondarily, its biologic 
effect for the treatment of advanced digestive tumors (76). Twenty-one patients (nine 
with primary liver, five with colorectal, and seven with pancreatic cancers) received 
injections of Ad.IL-12 in doses ranging from 2.5 x 10*® to 3 x 10*^ viral particles. The 
treatment was well tolerated, and dose-limiting toxicity was not reached. In 4 of 10 
assessable patients, a significant increase in tumor infiltration by effector immune cells 
was apparent. A partial objective remission of the injected tumor mass was observed in 
a patient with hepatocellular carcinoma. Stable disease was observed in 29% of patients, 
mainly those with primary liver cancer. 

Khorana et al. treated patients with recurrent malignant melanoma with direct intra- 
tumoral injections of adenoviral IFN-y (77). Up to 1 X 10*® adenoviral IFN-y particles 
were injected per injection per week for 3 wk. A maximum tolerated dose was not 
reached. Although no systemic immunologic activity was detected, one of 1 1 patients 
treated demonstrated stable disease. 

In general, phase-I studies with intratumoral injection of adenoviral cytokine vectors 
have proven their safety. Immunogenicity of adenoviral vectors may have limited the 
transfection efficiency particularly in repeated injections (78). Thus, as discussed in the 
previous section, injection of DCs ex vivo transfected with cytokine genes in combina- 
tion with TA-specific vaccinations may be tested in clinical trials near future to improve 
the efficacy of the approach. Also, it is likely that the complexity of immune reactivity 
will preclude the use of a single cytokine to elicit or maintain long-term effective 
immune reactivity to human tumors. Therefore, further testing of cytokine gene therapy 
may be directed towards cytokine-combination strategies. 

5. CONCLUSIONS 

We have learned that the elimination of tumor cells by TA-specific vaccination is the 
final outcome of a series of events that initiate with an inflammatory response at the site 
of vaccination, antigen-presentation and expansion of functional TA-specific effector 
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cells, which in turn traffic to and exert their antitumor activity at the target tumor sites. 
Various factors, including factors derived from tumors, appear to influence each of these 
steps. Priming with DC vaccine pulsed with TA-epitopes solely may not he sufficient to 
achieve the ultimate outcome because vaccine-induced TA-specific effectors have to he 
sufficiently activated systemically and at the site of the target tumors. Delivery of cytokines 
that are most suitable for the goal of each of immunologic steps may promote the efficacy 
of cancer vaccines. Such cytokines can be delivered either by the form of recombinant 
protein or gene vectors. With regard to the dose and mode of cytokine administration, 
although IL-2 and IFN-a have been established as standard therapy for certain cancers 
such as renal cell carcinoma and high risk melanoma, a major focus of future investiga- 
tions should be directed towards local and sustained delivery of cytokines at the site where 
the function of the cytokine is expected to promote the immunologic milieu. Indeed, one 
of the major characteristics of most cytokines is that they regulate immunity at a local or 
regional level. Loco-regional delivery of cytokines particularly in the form of gene-ther- 
apy is expected to positively impact the efficacy of TA-specific vaccines. 

Remaining issues after the discovery of TA-epitopes include heterogenicity of TA- 
profiles that may lead to outgrowth of antigen-loss variants. As discussed earlier, com- 
binations of antigen-specific vaccines and cytokine delivery, especially by intratumoral 
injections of cytokine gene transfected DCs, appear to induce effective immune 
responses against diversified antigen-repertoire by facilitating a process called “antigen- 
spreading.” We have come to the point to consider clinical trial designs that will examine 
the effect of the combination approaches of priming with the vaccine and boosting with 
local cytokine delivery. 

In our efforts to further understand the inflammatory processes within the tumor 
immune microenvironment, we have recently recognized that high mobility group box 1 
(HMGBl) is one of the critical molecules that promote a variety of molecular events in 
inflammation. Indeed this 30 kDa, highly conserved nuclear protein HMGBl can be 
secreted (79) and itself promote the subsequent release of other cytokines (80) and enhance 
DC maturation (81,82), thereby promoting an immune response. Thus understanding how 
to deal with death within the tumor microenvironment will increasingly have to consider 
the modulatory effect of molecules released by dying tumor cells (83) which has been 
inferred from its increased presence in most tumor cells and our detection in culture super- 
natants of tumors following UV irradiation or NK mediated lysis [unpublished observa- 
tions]. Taking into consideration the fact that many tumors arise in the setting of chronic 
inflammation (84) requires that we contemplate in earnest how to deal with death (83) in 
the tumor microenvironment and consider strategies how cytokines or other means to elicit 
tumor death can be effectively applied to future designs of effective cancer vaccines. 
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1. INTRODUCTION 

Much has heen written regarding the use of pro-inflammatory cytokines in the treat- 
ment of cancer. This stems from their potential in the acute situation to induce death of 
diseased cells, as well as to destroy tumor hlood vessels and activation of proteins 
involved in apoptosis. However, as discussed earlier, it is important to consider that sev- 
eral chronic inflammatory conditions lead to the development of the malignant pheno- 
type. Examples include ulcerative colitis/Crohn disease, associated with colorectal 
carcinoma; Barrett’s esophagus with esophageal cancer; schistosomiasis with bladder 
cancer; and Helicobacter pylori with gastric carcinoma/lymphoma. Stimulation of 
fihrohlastic and tumor stroma growth, as well as induction of angiogenic and anti apop- 
totic factors have all heen reported in the presence of chronic inflammation ( 1 , 2 ). In 
addition, secretion of a pro-inflammatory chemokine, macrophage migration inhibitory 
factor (MIF) has been reported to result in suppression of p53 function ( 3 ). This chap- 
ter will discuss the rationale for inhibiting pro-inflammatory cytokines and their poten- 
tial use to treat cancer and its sequelae. Given the availability of agents to block TNF 
and IL-1, these proteins will be discussed in detail. 

2. TUMOR NECROSIS FACTOR (TNF) 

TNF is a cytotoxic cytokine secreted by macrophages in response to infection and 
tumor invasion ( 4 ). Its oncogenic and anti-oncogenic properties have been detailed ear- 
lier in Chapter 7 and will not be reviewed here. 

2.1. TNF Mechanism of Action 

The mechanisms of TNF action were also detailed earlier in Chapter 7. TNF medi- 
ates activation of NF-kB through activation of a terminal kinase complex called IKK 
( 5 - 7 ). The IKK complex is composed of two catalytic subunits name IKKa and IKK[3 
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and a smaller regulatory subunit named (8,9). Activated IKK phosphorylates two 
serine residues on the the I-kB proteins, targetting these proteins for degradation by the 
26S proteasome complex (10). Degradation of I-kB proteins unmasks the nuclear local- 
ization REL sequences of NF-kB, thus allowing NF-kB to freely translocate to the 
nucleus to activate gene expression. 

2 . 2 . NF-kB and Oncogenesis 

A growing body of evidence strongly suggests that NF-kB plays a role in onco- 
genesis (11). A potential transcriptional target of NF-kB that may contribute to NF- 
KB-associated cell growth is the c-myc proto-oncogene. The c-myc promoter contains 
two NF-kB binding sites, which are required for myc expression (12). These sites have 
also been found to function as positive regulatory regions for the translocated c-myc 
gene in Burkitt’s lymphoma (13). A second growth-promoting transcriptional target of 
NF-kB is cyclin Dl, which is a well characterized marker of transformation (14). 
Additional evidence of the importance of NF-kB in carcinogenesis, and which may 
have therapeutic and preventative implications, stems from the observations of involve- 
ment of this transcription factor in the transcriptional control of the COX-2 and iNOS 
genes (15-19). In addition to expression of these genes, more direct evidence that NF- 
kB is required in oncogenesis derives from studies where disruption of IkB by antisense 
expression leads to the cellular transformation of 3T3 fibroblasts (20), and conversely, 
disruption of the p65 subunit of NF-kB causes tumor regression in animals (21). 
Chronic activation of NF-kB has been reported in primary breast cancer (22,23) and 
oncogene-signaling pathways such as Ras, and Ras-dependent transformation have 
been found to require NF-kB activity (24). Similarly, the chimeric oncoprotein Bcr-Abl 
implicated in acute lymphoblastic and chronic myelogenous leukemias also requires 
NF-kB to induce cellular transformation (25), and Hodgkin’s lymphoma cells depleted 
of NF-kB activity revealed strongly impaired tumor cell growth and viability (26). In 
addition, recent evidence suggests NF-kB is constitutively activated in approx 67% of 
human pancreatic adenocarcinomas and in most human pancreatic tumor cell lines, but 
not in normal pancreatic tissues (27). Interestingly, inhibition of NF-kB in both in vitro 
and in vivo studies has resulted in reversal of inducible chemoresistance and potentia- 
tion of anticancer drugs (28-34). Consistent with these findings, NF-kB activation is 
associated with resistance to apoptosis in ductal pancreatic adenocarcinoma cells (35), 
whereas inhibition of NF-kB sensitizes human pancreatic carcinoma cells to apoptosis 
induced by etoposide (VP- 16) or doxorubicin (36). 

2.3. TNF and Cachexia 

Part of the role that TNF may play in oncogenesis may be in cachexia. In differenti- 
ating C2C12 myocytes Guttridge et al. have shown that TNF-induced activation of NF- 
kB inhibits skeletal muscle differentiation (37). In addition, NF-kB has been identified 
in human skeletal muscle biopsies (38), suggesting in vivo relevance of NF-kB in mus- 
cle. This function may relate to the ability of NF-kB to induce muscle degeneration, 
because in an injury model, inhibitors of NF-kB were found to accelerate muscle regen- 
eration (39). In tumor models, numerous known inhibitors of NF-kB activity including 
proteasome inhibitors, antioxidants and IF-10, have been used to block cachexia 
(40^2). More recently, direct inhibition of NF-kB activity with usage of DNA decoys 
was also shown to block cancer-induced cachexia in mice (43). 
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2.4. TNF Blockade 

The above offers a rationale for the study of blockade of TNF chronic activation as 
an strategy to enhance the efficacy of cancer therapy and to block cachexia. On this 
premise, our group at The Ohio State University is conducting three studies of TNF bio- 
logic blockade using soluble TNF receptor molecules (etanercept) as an adjunct to can- 
cer chemotherapy treatment. Etanercept is a recombinant human TNF receptor (TNFR) 
that specifically binds and renders soluble TNF biologically inactive by blocking its 
interaction with cell surface TNF receptors ( 44 ). This biologic activity has led to signif- 
icant clinical responses in patients with rheumatoid arthritis and other inflammatory 
conditions in which TNF is implicated ( 45 , 46 ). The working hypotheses for the clinical 
trials we are conducting is that TNF blockade should make chemotherapy more tolera- 
ble, should improve quality of life and should retard the time to tumor progression. 

Preliminary results are available for the first trial, which evaluated TNF blockade to 
maintain dose intensity ( 47 ). Because fatigue/asthenia is the most common toxicity of 
the chemotherapeutic agent docetaxel when it is administered on a weekly schedule 
( 48 ), and there is in vitro and in vivo evidence for induction of TNF-a gene expression 
after administration of the taxanes ( 49 - 51 ), weekly docetaxel was administered in com- 
bination with etanercept in patients with refractory solid malignancies. A cycle was 
comprised of 6 weekly docetaxel treatments followed by 2 wk of rest. Subsequent 
cycles were initiated in the case of no disease progression and the absence of dose- 
limiting toxicities (DLT). The starting docetaxel dose was 43 mg/m^ (maximal recom- 
mended dose of docetaxel in the weekly schedule). The dose of etanercept (25 mg 
subcutaneously twice a week) remained fixed throughout the study. A control group of 
6 patients receiving docetaxel alone weekly for 6 wk every 8 wk at 43 mg/m^ was also 
entered in the study to control for pharmacokinetics and biologic variations between 
patients receiving docetaxel alone and docetaxel and etanercept. Accrual to this group 
occurred by 1 : 1 randomization with the first dose group of docetaxel (43 mg/m^) with 
etanercept until this cohort was filled. 

A total of 24 courses (8-wk-long each) were administered; seven courses to patients 
receiving docetaxel alone and 17 to patients receiving the combination. Of 42 planned 
docetaxel doses in the docetaxel alone group, 10 doses (24%) were missed. Eleven of 
102 planned doses (11%) (none within the first cycle) were missed in the 
docetaxeVetanercept group. Three patients, all in the docetaxel/etanercept arm, includ- 
ing two previously treated with chemotherapy, achieved partial antitumor responses and 
received at least three cycles (6 mo). Quality of life was assessed by using the patient 
self-reporting Eatigue Inventory System ( 52 ). Total body disruption, a computation that 
can be derived from the questions in the Eatigue Inventory System, is described in Eig. 1 
for the first 12 patients in the study. 

The first cycle of treatment for both groups of patients is depicted in Eig. 1 on the left, 
whereas subsequent courses of treatment (patients receiving the combination) is depicted 
on the right. 

Although the small number of patients and differences in previous treatments and 
quality of life at baseline precludes any differential analysis, it is of interest that patients 
which remained on the study receiving the combination did not have significant wors- 
ening in quality of life during subsequent courses, including a patient who has received 
eight courses (64 weeks) of treatment. NE-kB activation was measured in peripheral 
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Fig. 1. Fatigue inventory system total body disruption (FSTTBD) in patients receiving docetaxel 
(TAX) or the combination of docetaxel and etanercept (ET/TAX). Time intervals are weeks. The start- 
ing and stopping points of docetaxel weekly treatments is depicted by arrows. 



blood mononuclear cells at different time points in both groups of patients {n - 10). 
Increases in NF-kB activation were observed in patients receiving docetaxel alone and 
not in patients receiving the combination. TNF-a, IL-1[3, IL-6 and IFN-y expression, 
measured in peripheral blood mononuclear cells by real-time RT-PCR were observed to 
decrease during treatment with docetaxel in combination with etanercept (n - 5 
patients), whereas no effect was observed for the anti-inflammatory cytokine IL-10. 
Currently these data are available for only one patient in the docetaxel alone group. In 
this patient, an initial rise in the expression of pro-inflammatory cytokines was 
observed, followed by a return to baseline levels. 

Based on the above and the rationale previously discussed in regards to cachexia, we 
are conducting a trial of etanercept in conjunction with standard chemotherapy in patients 
with advanced pancreatic cancer with the aim of increasing clinical benefit response, qual- 
ity of life and the rate of progression-free survival at 6 mo. The influence of TNF block- 
ade on pro-inflammatory cytokines in these patients is being studied. Lastly, we are also 
evaluating the effect of TNF blockade in combination with chemotherapy in tumor pro- 
gression and recurrence in patients with advanced small-cell lung cancer. 

In summary, blockade of chronic activation of TNF may evolve into a useful 
approach as an adjunct to chemotherapy treatment. Results of trials currently ongoing 
of etanercept as a single agent, evaluating its impact in fatigue and quality of life are 
eagerly awaited. In addition, therapeutic agents that are based on antibodies to the TNF 
receptor have demonstrated efficacy in chronic inflammatory conditions. The evaluation 
of these agents for anticancer properties in humans would be of considerable interest 
given the longer half-life of these compounds. 

3. INTERLEUKIN 1 (IL-1) 

IL-1 is a mediator of several acute and chronic inflammatory conditions. Intravenous 
administration in humans is associated with various clinical manifestations including 
fever, hypotension, headaches, myalgias, and stimulation of the hypothalamic-pituitary 
adrenal axis (53). In the presence of infection IL-1 helps to recruit inflammatory cells 
and elevated levels are detected in the synovial fluid in patients with rheumatoid arthri- 
tis, where it is associated with joint cartilage degeneration and bone resorption (54,55). 
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In addition, overexpression of IL-1 has been detected in the brains of patients with 
Alzheimer’s disease, as well as in the vessel wall of aortic aneurisms and aortic occlu- 
sive disease (56-58). 

At the cellular level, IL-1 has been shown to regulate several genes involved in inflam- 
matory and immune responses and at the same time to suppress the expression of house- 
keeping genes not necessary for the inflammatory response (59). IL-1 a or (3 can increase 
the expression of the IL-1 family of genes and the expression of colony-stimulating and 
mesenchymal growth factor genes. Other inflammatory cytokines, as well as lymphocyte 
growth factors are upregulated by IL-1. In addition, IL-1 induces transcription or stabilize 
mRNA levels for the iNos, type 2 cyclooxygenase (Cox2) and type 2 phospholipase A2 
(PLA2) genes (59,60-62). The products of these genes, nitric oxide (NO), prostaglandins, 
leukotrienes, and platelet-activating factor are potent mediators of inflammation (63). 
Intercellular cell adhesion molecule- 1 (ICAM-1) and vascular cell adhesion molecule- 1 
(VCAM-1) expression on endothelial cells are also increased by IL-1 (64-66). 

Three IL-1 proteins have been characterized. Two are agonistic, IL-1 a and IL-1 (3, 
and one is antagonistic, IL-lRa. Both IL-1 a and (3 are produced as the precursor pro- 
teins, proIL-la and proIL-l[3. The proIL-1 forms are subsequently cleaved by specific 
cellular proteases, including the IL-1 converting enzyme (ICE). IL-1 a typically remains 
intracellular or is expressed in the membrane and is thought to serve as an autocrine fac- 
tor, whereas IL-1(3 is secreted from the cell and exerts its effect on other cells (67). 

The three members of the IL-1 family can bind to two different receptors, IL-IRI and 
IL-IRII. Binding of IL-la or (3 to IL-RI leads to intracellular transduction, whereas no 
transduction is elicited upon binding to IL-lRII. Therefore, IL-RII serves as a decoy 
receptor to buffer excessive IL- 1 concentrations (68). \n addition, IL- 1 a/(3 and IL-Ra have 
different effects on IL-lRl. This appears to be owing to a lack of a second binding site to 
the receptor for IL-lRa. This second binding site permits IL-1 a and (3 to produce the 
structural changes in their third IgG-like domain that are necessary for the docking of the 
IL-IR accesory protein (IL-lR-AcP). The complex of IL-lR-AcP/IL-lRI/IL-l(3 is essen- 
cial for signal transduction to occur (69). The lack of signal transduction upon binding of 
IL-lRa to the receptor, allows it to become a competitive antagonist to the functions 
elicited by IL-1 a and [3 and to maintain a tight control and equilibrium in this pathway. 

3.1. Interleukin 1 and Cancer 

In models of infection and inflammation IL-1 mediates induction of granulocyte 
colony stimulating factor (GCSF), granulocyte-macrophage colony stimulating factor 
(GM-CSF) and IF-3 (IF-3) (70). IF-1 also exerts a protective effect in marrow cells after 
irradiation (71,72). This effect is thought owing to protection of pluripotent stem cells, 
the myeloid stem cell and the early progenitor cells. Although the gene for IF-1 [3 is not 
expressed in peripheral blood monuclear cells of healthy subjects (73), spontaneous 
production of IF- 1 has been detected in various leukemic cells, including acute myel- 
ogenous leukemia (AMF) and chronic myelogenous leukemia (CML) cells (74). Given 
the property of IF-1 to stimulate production of GCSF and GMCSF, IF-1 may constitute 
an autocrine growth factor sustaining and increasing cell proliferation. Indeed, specific 
blockade of IF-1 has been shown to result in a significant reduction in proliferation of 
AMF cells (75). Interestingly, cells from CML patients in chronic phase or lymphoid 
blast crisis do not express IL-1, whereas CML blasts do (76). 
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Constitutive production of IL-la and [3 has been detected in melanoma, hepatoblas- 
toma, sarcoma, squamous and transitional carcinoma cells, as well as in ovarian carcino- 
mas ( 64 , 77 - 80 ). However, the addition of IL-1 to malignant cell cultures, including 
melanoma, glioma, meningioma, breast, cervical, thyroid, and ovarian carcinoma cells, 
can inhibit tumor cell growth ( 81 - 86 ). The mechanisms for the growth inhibition are not 
clear, but induction of other cytokines and generation of NO are most likely required. ( 87 ). 

Evidence also exists for IL-1 to promote metastasis. IL-1 appears to prime animals 
for metastases following injection of tumor cells ( 88 , 89 ). This has been thought to result 
from enhanced expression of adhesion molecules on endothelial and malignant cells, 
which would facilitate the passage of malignant cells into the circulation ( 90 , 91 ). 
Lurthermore, mice solely deficient in IL-1 exhibit dramatically impaired tumor blood 
vessel growth after injection of several different cancer cell lines, suggesting IL-1 is 
essential for angiogenesis and cancer invasiveness ( 92 ). 

3.2. Interleukin 1 Blockade 

Similar to TNL there is rationale to support IL-1 use as an anticancer agent and 
rationale to support that IL- 1 blockade can be use to treat cancer. These two concepts 
are not necessarily mutually exclusive, because in the acute situation, generation of 
other cytokines and NO radicals may help to deter proliferation. However, under 
chronic conditions, IL-1 may serve as an autocrine or paracrine stimulator of cancer 
proliferation, invasion and metastases. 

Different strategies can be considered to accomplish IL-1 blockade ( 53 ). 
Nonselective interventions include corticosteroids, dietary omega-3 fatty acids, 
methotrexate, nonsteroidal anti-inflammatory agents and other cytokines (e.g., inter- 
feron, IL-4, IL-13, IL-10 and transforming growth factor-[3). Selective interventions 
include antibodies to IL-1 or to IL-lR-AcP, soluble IL-1 decoy receptor, IL-lRa, and 
inhibition of IL-1 (3 converting enzymes (ICE). 

To date, no clinical trials have been reported with antibodies to IL-1 a or (3 or to IL- 
IR-AcP and although soluble IL-1 receptor has been administered to healthy volun- 
teers, simultaneuous inhibition of the antagonistic IL-lRa by binding to the receptor has 
limited the utility of this approach ( 93 ). Given the multiplicity of actions of ICE, a high 
degree of specificity for the cleavage sites of proIL-l[3 would be required for an ICE 
inhibitor to be practical for clinical use. 

Most clinical trials featuring IL-1 blockade have been conducted using IL-lRa 
(anakinra). In early trials, IL-lRa appeared to produce some benefit in patients with 
acute sepsis and graft vs host disease ( 94 - 96 ). Unfortunately, randomized trials failed 
to support this advantage for the sepsis situation ( 97 ). However, in rheumatoid arthritis, 
IL-lRa administered daily subcutaneously is able, as a single agent, to produce clinical 
responses and to produce benefit in joint space narrowing ( 98 ). The benefit was even 
higher when administered in conjunction with methotrexate ( 99 ). 

3.3. IL-1 and TNF Synergism 

IL-1 induces the activation of several transcription factors. Notably IL-1 induces 
translocation of NL-kB and AP-1, as well as activation of p38 MAP Kinase ( 100 - 103 ). 
These factors play a considerable role in carcinogenesis and in cancer resistance to 
chemotherapy treatment. Because a similar profile has been established for TNL, this 
would suggest that these proteins may collaborate at the cellular level. In fact, there is 
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very consistent in vivo and in vitro evidence for synergistic interaction between TNF 
and IL-1 ( 59 , 104 - 109 ). Interestingly, production of IL-6 and cachexia in mice with sar- 
coma has been observed to be under the control of IL-1 and TNFa ( 110 ). Although IL-1 
has been observed to downregulate and to stimulate shedding of the TNF receptor, this 
effect is confined to the p55 TNF receptor ( 111 , 112 ). This TNF receptor in particular, 
is the TNF receptor associated with the activation of intracellular signals leading to pro- 
grammed cell death. 

The above would support the hypothesis that TNF blockade in combination with IL-1 
inhibition could result in a higher therapeutic effect as compared to a single intervention. 
Indeed, in vivo models have shown a synergistic effect for the inhibitory combination in 
preventing cartilage destruction ( 113 ), as well as in reducing joint inflammation, loss of 
bone mineral density and body weight ( 114 ). Furthermore, a combination of soluble 
tumor necrosis factor receptors plus interleukin- 1 receptor antagonist decreased sepsis 
mortality in an animal model of intestinal perforation, as compared to single agent 
treatment ( 115 ). 

No data have been generated to date on the use of interleukin- 1 blockade as a thera- 
peutic strategy in patients with malignancies and very preliminary data exist in the use 
of the combination of IL-1 and TNF blockade in humans. Serious infections were noted 
in 7% of 58 patients treated with the combination of anakinra and etanercept, including 
two patients with neutrophil counts below 1000/mm^ ( 53 , 116 ). Although these risks are 
considerable for the treatment of chronic inflammatory diseases, this toxicity could be 
acceptable for an otherwise effective approach in patients with advanced malignancies. 

In summary, there is sufficient evidence to support a rationale for the use of anticy- 
tokine treatment in the treatment of patients with cancer and to improve their quality of 
life. Given the interplay between the different cytokines, it is likely that a combinatory 
approach will be necessary to see substantial effects. Safety and efficacy clinical trials 
to test this concept are warranted. 
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1. INTRODUCTION 

The last 15 years have witnessed a transformation in our ability to manage the debil- 
itating symptoms associated with cancer and its treatment and thereby to optimize func- 
tional status and the quality of patients’ lives while providing the best possible anticancer 
therapy. Like a proactive, patient-centered approach to the effective treatment of pain, the 
development of highly efficacious anti-emetic regimens and the introduction of bisphos- 
phonates for hypercalcemia and the prevention of skeletal events in patients with lytic 
bone metastases, the advent of biotechnology provided us with therapeutic proteins that 
have decreased infection and transfusion risk. The latter have dramatically improved 
hematopoietic cell support for patients undergoing myeloablative chemotherapy, and 
improved energy levels in patients suffering the frequent and debilitating fatigue associ- 
ated with cancer and its treatment. The landscape of oncology practice today differs rad- 
ically from that just 20 years ago with these advances in supportive care allowing patients 
to spend more of their time outside hospital engaged in meaningful activity. This chap- 
ter will review the role of therapy with cloned human glycoprotein ligands with 
hematopoietic activity in the modern supportive care of cancer patients. 

2. MYELOID GROWTH FACTORS 

When it was recognized that the mature cells present in the peripheral blood 
were being continuously produced by a common pluripotent progenitor cell in the bone 
marrow, hematopoiesis became the most frequently used model for the study of cellular 
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differentiation. It was shown that this process involved response to lineage commitment 
and proliferation signals mediated hy glycoprotein ligands for receptors present on recep- 
tive progenitor cells. The first of these hematopoietic growth factors to he cloned and 
introduced into clinical trials in cancer patients, recombinant human granulocyte- 
macrophage colony-stimulating factor (GM-CSF) and recombinant human granulocyte 
colony-stimulating factor (G-CSF), were involved in regulating the production and func- 
tional activity of mature leukocytes. 

A thorough review of the biology and early clinical development of these two pro- 
teins has been published (1,2). The effects of GM-CSF and G-CSF on hematopoiesis, 
mature effector cell function and infection risk are quite distinct, with the result that 
these agents cannot be considered interchangeable in oncology practice. G-CSF is the 
regulator of basal and emergency neutrophil production, with endogenous levels rising 
in response to infection or neutropenia and mature neutrophils providing feedback inhi- 
bition of the hematopoietic effects of G-CSF mediated by the production of elastase 
(3-5). G-CSF also regulates mature neutrophil function, activating and priming these 
cells to enhanced functional activity and response including, importantly, increased 
trans-endothelial migration to sites of inflammation (6). GM-CSF is not essential to 
either basal or emergency neutrophil production, but plays a role in pulmonary home- 
ostasis (4,7), possibly by serving as an immune modulator produced and acting locally 
rather than as a systemic hematopoietic cytokine (8). Although GM-CSF has some acti- 
vating effects on mature neutrophils and macrophages, it enhances neutrophil adhesion, 
inhibiting trans-endothelial migration in inflamed or injured tissue (6,9,10). 

Worldwide, recombinant preparations of human G-CSF and GM-CSF expressed in 
either E. coli or yeast are available for clinical use. Because they are different proteins 
acting through different receptors and producing significantly different biologic effects, 
the clinical data for G-CSF and GM-CSF will be considered separately in this review. 
Because there are no studies demonstrating significant differences in the clinical effects 
of different preparations of each protein, clinical data for all recombinant human G-CSF 
preparations will be summarized as rhC-CSF data, and for recombinant human GM- 
CSF as rhCM-CSF data. Recently, a pegylated preparation of rhG-CSF has been intro- 
duced into clinical practice (11). This preparation has a substantially prolonged half-life 
and, because it is cleared by mature neutrophils and their precursors, is self-regulating 
in terms of its pharmacokinetics and need be dosed only once per cycle. This prepara- 
tion will be referred to as peg-rhuG-CSF. 

2.1. Myeloid Growth Factors During Myelosuppressive Chemotherapy 

Myeloid growth factors have been used during myelosuppressive chemotherapy to 
accomplish one of three goals: 1) to decrease the risk of infection, 2) to decrease the dura- 
tion or severity of established febrile neutropenia, 3) to increase the efficacy of chemother- 
apy by permitting safe and meaningful increases in chemotherapy dose-intensity. 

By far the best established application has been in the prevention of infection. The 
accepted outcome measure for the incidence of infection in good quality clinical trials 
has been the incidence of febrile neutropenia, a clinically meaningful entity that because 
it results in antibiotic use and known risks to patients, and often in hospitalization with 
obvious costs in terms of both health care resources and patient autonomy. 

In several randomized, controlled clinical trials, rhuG-CSF, usually administered at a 
dose of 5 p,g/kg/d commencing 1 d after chemotherapy and continuing until the neutrophil 
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counts have recovered from their nadir, was consistently associated with a 40-60% reduc- 
tion in the risk of febrile neutropenia, with a reduction in the duration of neutropenia and 
incidence of febrile neutropenia observed across all cycles of chemotherapy (12-22). It is 
important to note that in these trials, the rates of febrile neutropenia observed in the con- 
trol group were greater than 40%, leaving unanswered questions regarding the efficacy of 
rhuG-CSF in decreasing infection risk when baseline risk is lower. 

Therapy with peg-rhG-CSF, with a single dose administered the day following 
chemotherapy has been shown in randomized controlled trials to be associated with a 
duration of neutropenia and rate of febrile neutropenia similar to that observed with daily 
rhuG-CSF therapy for patients receiving myelosuppressive chemotherapy (23). A single, 
fixed dose of 6 mg has been shown to be comparable in efficacy to a weight-based dose 
of peg-huG-CSF, making appropriate, evidence-based therapy with this agent substan- 
tially simpler and more convenient for both providers and patients than daily rhuG-CSF 
(24). Recently, the results of a very large, placebo controlled trial of peg-rhuG-CSF in 
women with breast cancer receiving docetaxel chemotherapy have been reported. Not 
unexpectedly, myeloid growth factor therapy was not only associated with a significant 
risk reduction when the control rate across all cycles was approx 20%, but the propor- 
tional reduction in risk was greater than 90%. Therapy with peg-rhuG-CSF is not only 
effective when used to abrogate lower risks of infection in patients receiving myelosup- 
pressive chemotherapy, it is more effective than when peg-huG-CSF or rhG-CSF are 
used in high risk settings. 

Randomized trials investigating the efficacy of therapy with rhuGM-CSF adminis- 
tered to decrease the incidence of infection during multi-cycle chemotherapy have 
yielded less consistent results (25-31). In two trials, a decreased incidence of infection 
associated with rhGM-CSF therapy, one in an efficacy evaluable (as opposed to the more 
rigorous intent-to-treat analysis) subset of lymphoma patients treated with a daily dose 
of 400 |lg/d for 7-d per cycle (25), and the other in a very small trial involving 11 chil- 
dren (28). Three studies observed a decreased incidence of infection limited to the first 
chemotherapy cycle despite continued rhGM-CSF therapy during subsequent cycles 
(26,27,30) and an equal number of trials have failed to detect a difference in infection 
risk associated with rhGM-CSF therapy, one in patients with breast cancer (29) and two 
in children (31,32). One important question raised by these trials is the role, if any, of 
toxicity from rhuGM-CSF in decreasing or obscuring the observed benefit. Although 
four of these trials reported no increase in adverse events in the rhuGM-CSF arm 
(25,29-31) in the remaining trials an increased incidence of symptoms, including fever, 
myalgias, edema and rash (26-28) or thrombocytopenia (26,28,32) was reported in one 
of the trials, 14% of patients were withdrawn from study explicitly because of toxicity 
attributed to rhGM-CSF therapy (27). Notwithstanding, the efficacy of rhGM-CSF for 
the prevention of infection during multi-cycle chemotherapy has not been established. 
Moreover, if it is effective, the dose and schedule yielding optimal results are not known. 
The dose finding study concluded that 10 |lg/kg/d would be the appropriate dose for test- 
ing in a definitive randomized trial (26), and the results of such a randomized trial have 
not been published. No pegylated preparation of rhuGM-CSF is available for clinical use. 

Not surprisingly, the vast majority of cancer patients treated with the goal of reducing 
infection rates receive rhuG-CSF and increasingly peg rhuG-CSF. Several important ques- 
tions remain. Because the impact of this therapy on health care costs depends upon: 1) the 
risk of febrile neutropenia without rhuG-CSF, 2) the proportional reduction in risk when 
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rhuG-CSF is used, 3) the cost of caring for patients with fehrile neutropenia and 4) the 
cost of rhuG-CSF therapy, several attempts have been made to use clinical trial data com- 
hined with assumptions and indirect estimates of hospital costs to determine the 
“breakeven point,” defined as that risk of febrile neutropenia above which it becomes 
more expensive to the health care system to leave patients unprotected ( 33 - 35 ). Most 
analyses suggest that this breakeven point is a febrile neutropenia risk of approx 20%, 
although at lower risks there are some cost savings that partially offset drug acquisition 
costs. To date, theses analyses have made the assumption that rhuG-CSF or peg- rhuG- 
CSF therapy is always associated with approx a 50% reduction in febrile neutropenia risk; 
recent data suggesting that the magnitude of the reduction increases at lower baseline risk 
levels will likely result in a reassessment and further lowering of the estimated risk at 
which therapy becomes cost saving. 

The utilization of rhuG-CSF or peg- rhuG-CSF in current oncologic practice is not 
always data-driven or rational or optimally convenient. In an effort to decrease the over- 
all cost, many physicians wait until a patient’s white count has reached its nadir and then 
administer rhuG-CSF for 4-6 d until neutrophil recovery. There has only been one ran- 
domized trial addressing the efficacy of rhuG-CSF when therapy is initiated at the onset 
of neutropenia, and this study failed to demonstrate any impact on infection risk, antibi- 
otic use or febrile neuropenia ( 36 ). Some clinicians use rhuG-CSF therapy for a short 
period of time prechemotherapy in patients whose neutrophil counts, for whatever rea- 
son, are sufficiently low when the next cycle is due. There is no evidence that this 
approach lowers risk of infection during the next chemotherapy cycle; if it is believed 
that it is important that the chemotherapy be given, a more rationale approach would be 
to use rhuG-CSF or peg- rhuG-CSF in the fashion that has been shown to lower risk. 
Finally, as peg- rhuG-CSF becomes the most frequently used cytokine, the importance 
of the unstudied issues of safety of administration of this agent on the same day as 
chemotherapy (which would optimize patient convenience) and in conjunction with 
every-2-wk chemotherapy has increased. More studies will be needed. 

The results of clinical trials investigating the impact of myeloid growth factor ther- 
apy initiated after the onset of febrile neutropenia during myelosuppressive chemother- 
apy have not conclusively demonstrated benefit in terms of complication rates, resource 
utilization or rapidity of recovery ( 37 ^ 2 ). Daily therapy initiated at the time of hospi- 
talization was associated in some but not all studies with a decrease in the duration of 
neutropenia of approx 2 d, with a 1 or 2 d decrease in the duration of hospitalization 
( 38 , 40 ). No study has demonstrated a statistically significant improvement is survival or 
health care costs, and in the one study in which quality of life was examined, this out- 
come was better in the placebo than growth factor group ( 39 ). Although the data do not 
support the routine initiation of myeloid growth factor therapy for patients with febrile 
neutropenia, this remains a reasonable option for cases in which the expected remain- 
ing period of neutropenia is several days or more, or in which the severity of the infec- 
tion or the degree of co-morbidities are such that a 1 or 2 d decrease in the duration of 
neutropenia may make an important difference in outcome. No randomized trials of 
peg-rhuG-CSF in this setting have been published and, given that there is little benefit 
to hospitalized patients of once per cycle dosing and there are significant adverse eco- 
nomic effects to the hospital, it is unlikely that this preparation will find a role here. 

Finally, myeloid growth factors are being used with increased frequency to facilitate 
the administration of full doses, on time, of relatively aggressive chemotherapy 
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regimens aimed at improving survival in cancer patients. Randomized trials of higher 
dose intensities of chemotherapy facilitated hy growth factor use have more often been 
negative ( 43 - 51 ) than positive ( 52 - 56 ). Recently there have been two controlled trials 
of dose-intensified adjuvant chemotherapy for node positive breast cancer, one utilizing 
increased per-treatment dose intensity and the other decreased inter-treatment interval 
( 57 ), with each regimen compared to an accepted standard. Both approaches have 
shown some superiority in terms of relapse-free and overall survival and both have suf- 
ficient risk of febrile neutropenia to warrant the use of rhG-CSF or peg-rhG-CSF to 
decrease that risk. These are currently the best data documenting a benefit to patients of 
growth factor facilitated dose intensification. 

Recent surveys of clinical practice in the United States have produced disturbing data 
that suggest that clinicians administering potentially curative chemotherapy, including 
both adjuvant treatment of breast cancer ( 58 ) and treatment for lymphoma ( 59 ) fre- 
quently administer lower doses or delay treatments as a strategy for dealing with neu- 
tropenia. Often, doses were reduced to levels which, based upon retrospective analyses, 
are suspected to be associated with inferior survival outcomes and myeloid growth fac- 
tors were not employed as an alternative infection risk reduction strategy. In addition, 
the increasing emphasis in oncology upon providing optimal anticancer therapy to vul- 
nerable populations, especially the elderly, is likely to result in a greater awareness of 
the importance of utilizing myeloid growth factors to maintain full dose on time while 
avoiding unnecessary toxicities. It is likely that the greatest growth in myeloid factor 
use in oncology in the next several years will be to establish and maintain chemother- 
apy dose intensity. 

3. BONE MARROW AND PERIPHERAL BLOOD 
PROGENITOR CELL TRANSPLANTATION 

3.1. Growth Factors and Bone Marrow / Progenitor Cell Transplantation 

The introduction of myeloid growth factors has transformed the field of bone mar- 
row transplantation. Years ago, when unprimed marrow was the only available source 
of hematopoietic support following myeloablative therapy, rhGM-CSF ( 60 , 61 ) or rhG- 
CSF ( 62 , 63 ) administered daily following marrow infusion was shown to decrease the 
duration of neutropenia, antibiotic use and hospitalization. In the allogeneic transplant 
setting, growth factor therapy was not associated with increases in graft-vs-host disease. 
Unfortunately, results of trials using rhG-CSF or rhGM-CSF to treat graft failure were 
been disappointing. 

Major developments rapidly followed the recognition that hematopoietic progenitor 
cells circulate in increased numbers during myeloid growth factor therapy, followed by 
the discovery that it was feasible to harvest sufficient quantities with leukapheresis to 
provide an alternative and source of support. The infusion of peripheral blood progeni- 
tor cells (PBPC) harvested during therapy with rhG-CSF ( 64 - 68 ) or rhGM-CSF 
( 64 , 69 - 72 ) following ablation were shown to be associated with significantly more 
rapid neutrophil and platelet engraftment compared to unprimed marrow. Similarly 
rapid engraftment profiles were observed when rhG-CSF primed marrow was used ( 73 ). 
Comparative studies of the effects of PBPC harvested during rhuG-CSF vs during 
rhuGM-CSF therapy have suggested that the rhG-CSF mobilized cells may be superior 
in terms of efficacy and/or toxicity ( 74 , 75 ). 




454 



Part IV / Cytokines in the Treatment of Cancer 



Because the consistency of engraftment is related to the quantity of PBPC infused, 
substantial efforts have been made to optimize harvests. Improved yields have been 
obtained when myeloid growth factors are administered following chemotherapy, 
although chemotherapy is often not necessary for adequate graft acquisition ( 76 , 77 ) and 
this approach is obviously not feasible for donors in allogeneic transplantation. There has 
been significant interest in the optimal rhG-CSF dose for obtaining an adequate graft. For 
patients not receiving chemotherapy, rhG-CSF at 10 |lg/kg/d may produce better yields 
than lower doses ( 78 ). Splitting the daily dose and administering rhG-CSF twice daily 
may ( 79 ) or may not fSOj improve PBPC yields. Very high dose rhG-CSF, 12 p.g/kg twice 
daily, may be superior to 10 P-g/kg daily ( 81 ). For patients mobilized with chemotherapy 
plus rhG-CSF, 16 pg/kg/d is associated with greater cell yields that 8 pg/kg/d, although 
the increased cell dose may not translate into faster engraftment ( 82 ). Similar dose find- 
ing studies have not been reported for rhCM-CSF for PBPC harvesting. The combina- 
tion of rhG-CSF and rhGM-CSF is an effective mobilizing regimen ( 83 ), however there 
are no studies demonstrating that this approach is superior to single factor mobilization. 
Preliminary data suggesting that peg-rhC-CSF is an excellent PBPC mobilizer, and may 
replace rhuG-CSF for this purpose. 

Because neutrophil engraftment was so accelerated when PBPC were substituted for 
marrow, it was not clear that the administration of myeloid growth factors following 
PBPC infusion would provide any incremental benefit. In sufficiently-powered random- 
ized clinical trials, rhG-CSF, given at a daily dose of 5 pg/kg or less until neutrophil 
recovery, has been associated with a reduction in the duration of neutropenia, and in 
some cases a decrease in days of hospitalization and overall costs ( 84 - 88 ). It may be pos- 
sible to delay the initiation of growth factor therapy until day 6 post-transplant without 
compromising efficacy ( 89 ). Very little data exist for the efficacy of rhGM-CSF during 
recovery from PBPC transplant. There are no data available for peg-rhuG-CSF therapy 
following PBPC infusion. 

The replacement of bone marrow with PBPC as the preferred source of cellular sup- 
port has brought flexibility in terms of cell dose as well as the potential for promising 
graft engineering strategies including: tumor cell purging, “split grafts” for multiple 
cycles of high dose therapy, ex vivo expansion, selective removal of particular effector 
cells to reduce or manage graft-vs-host reactions, acquisition of dendritic cell precur- 
sors for anticancer vaccines, and gene therapy. 

3.2. Myeloid Growth Factors for Patients 
With Myelodysplasia or Myeloid Malignancies 

Patients with myelodysplastic syndrome (MDS) complicated by clinically significant 
neutropenia are at high risk for death from infection. Studies of short-term administra- 
tion of either rhGM-CSF or rhG-CSF to patients with MDS and neutropenia have 
shown that neutrophil counts increase in the majority of patients, and baseline neu- 
trophil dysfunction frequently improves, although these effects are usually lost within a 
few days to weeks. Moreover, MDS appears to be the one setting in which “lineage 
steal” occurs, and sustained therapy with myeloid growth factors can be complicated by 
worsening thrombocytopenia and bleeding. Hence, therapy with myeloid factors may be 
useful for short-term therapy of infected, neutropenic MDS patient in whom excess 
marrow blasts are not present. More recently, both rhG-CSF(90-92) and rhGM-CSF 
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(93,94) have been used in conjunction with recombinant erythropoietin to enhance the 
benefit of that agent in the management of MDS associated anemia. 

Myeloid growth factors have been used in the treatment of patients with acute myel- 
ogenous leukemia undergoing induction or maintenance therapy with two distinct goals: 
to decrease the duration of neutropenia and its associated complications, especially in 
“elderly” patients at risk for toxic death, and to recruit malignant cells into a cell cycle 
phase in which they may be more sensitive to cell cycle specific chemotherapeutic 
agents. When the goal is prevention of infection alone, the factor has been started after 
the completion of chemotherapy in patients undergoing induction or consolidation ther- 
apy; when the goal is to increase chemosensitivity, the factor has been given during 
chemotherapy and most studies have been limited to patients with refractory leukemia. 

Randomized clinical trials of rhGM-CSF given to elderly patients either following 
induction therapy (95,96) or during and after induction therapy (97) or to a general pop- 
ulation of de-novo patients during and after induction therapy (98) have demonstrated 
that this therapy is safe and usually associated with a reduction in the duration of neu- 
tropenia following induction or consolidation chemotherapy. However, these trials have 
failed to consistently show a significant clinical benefit to patients. Although one trial 
that focused on the subset of patients in whom bone marrow was hypocellular on day 
10 of standard leukemia therapy, suggested that growth factor therapy was associated 
with an improved median survival (95), this finding was not reproduced in a larger study 
(96). Therapy with rhGM-CSF is this setting has not been found to be cost effective 
(99). Randomized clinical trials of rhG-CSF given to “elderly” patients following induc- 
tion chemotherapy (100,101), to younger patients during intensive induction 
chemotherapy (102) and to adults following induction or consolidation chemotherapy 
( 103,104) have consistently observed a decrease in the duration of neutropenia, but have 
not consistently documented significant reductions in infections or hospital days nor a 
significant increase in survival. Two studies have observed a decreased duration of hos- 
pital stay (102,103) and in one study each a decrease in significant fungal infections 
(103) and an increase in complete response rates (100) were reported. In a randomized 
trial of rhG-CSF before and during chemotherapy for refractory leukemia, no change in 
response rate was observed (104). No data are available for peg-rhG-CSF therapy in 
patients with leukemia. 

Trials of rhGM-CSF of rhG-CSF for patients with acute myelogenous leukemia have 
demonstrated that this therapy is safe but failed to show a significant impact on survival 
or resource consumption. If a clinician chooses to use these agents in patients undergo- 
ing therapy for leukemia, daily doses of 5 pg/kg/d of either agent are reasonable choices. 

3.3. Summary 

It is difficult to overestimate the impact myeloid growth factors have had on the prac- 
tice of oncology or on the lives or our patients. In addition to lowering infection and 
hospitalization risks for patients receiving chemotherapy, with the attendant decreases 
in lost productivity, disrupted personal lives and anxiety, they have dramatically reduced 
the duration of hospitalization in the transplant setting and facilitated the development 
of promising strategies for cellular therapy. More recently, we have learned that there is 
still substantial potential for these agents to further advance the care of cancer patients 
by allowing us to administer full, curative doses of chemotherapy on time for patients 
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with early stage breast cancer or lymphoma, while protecting the safety and functional 
status of medically frail and vulnerable populations, particularly the elderly. 

4. ERYTHROPOIETIC PROTEINS 

The second significant hematopoietic growth factor to be introduced into clinical tri- 
als in cancer patients was recombinant human erythropoietin (rhuEPO). Erythropoietin 
is the humoral regulator of erythropoiesis; this molecule differs somewhat from the 
myeloid growth factors in that its anti-apoptotic effects predominate over mitogenic 
effects on precursor cells, with the practical result that it appears that this factor can be 
administered to patients on the same day that chemotherapy is given without enhancing 
the myelosuppressive effects of chemotherapy. Because rhuEPO is inactive unless the 
molecule is glycosylated, all preparations are expressed in mammalian cells. Most of 
the clinical data available relate to the two major rhuEPO preparations in use in the 
world today, epoetin alfa and epoetin beta. Although these two preparations differ 
slightly in their isoform composition and in whether albumin is used as a stabilizer (epo- 
etin alfa used in the United States, but not the European preparation or epoetin beta) 
their half lives are very similar, and data for both molecules will be summarized under 
the term rhu-EPO, except for the brief discussion of pure red cell aplasia. Based upon the 
recognition that rhuEPO isoforms containing more carbohydrate moieties have greater 
in vivo potency, two additional glycosylation sites were introduced into the molecule 
through site-directed mutagenesis ( 105 ). The product of this modified gene, darbepoetin 
alfa, has approx a threefold longer half-life than rhuEPO and a greater, protein-cor- 
rected in vivo potency. This molecule is now in clinical use in oncology practice 
throughout the world, and these data will also be summarized. 

Patients with cancer are frequently anemic, due both to the underlying disease and to 
the effects of myelosuppressive chemotherapy. When it was recognized that cancer is a 
chronic illness characterized both by a cytokine mediated resistance of the marrow to 
the erythropoietic effects of erythropoietin and to a relative endogenous erythropoietin 
deficiency ( 106 ) it was logical to initiate clinical trials of erythropoietic proteins for the 
treatment of cancer-associated anemia. Initially, the focus of this therapy was a reduc- 
tion in the frequency of red cell transfusion. 

4.1. Cancer and Cancer Chemotherapy: Reducing Transfusions 

Ten years ago, it was widely believed that cancer patients, because of their multiple 
morbidities and global functional impairments, did not suffer symptoms from anemia 
until hemoglobin levels fell to 8 g/dE or lower, and red cell transfusions became neces- 
sary. This assumption, coupled with the difficulties of using quality of life or symptom 
reduction as a primary endpoint in pivotal clinical trials, underlay the choice of transfu- 
sions reduction as the primary endpoint in the phase III clinical trials of rhuEPO in can- 
cer patients. After several phase I and II trials demonstrated the potential for rhuEPO 
therapy to induce erythropoiesis in anemic cancer patients, randomized phase III trials 
using a starting dose of 150 U/kg thrice weekly for anemic patients receiving 
chemotherapy and 100 U/kg thrice weekly for anemic cancer patients not receiving 
chemotherapy were carried out ( 107 ). Dose increases were incorporated for patients in 
whom an increase in hemoglobin level was not observed after the first 6 wk of therapy. 
These trials demonstrated that, for anemic cancer patients receiving chemotherapy. 
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12 wk of therapy with rhuEPO was associated with approx a 50% reduction in the pro- 
portion of patients requiring transfusion and the number of units transfused to the whole 
cohort compared to placebo. This finding was later confirmed in subsequent random- 
ized trials ( 108 - 110 ). Unfortunately, the trial in patients not receiving chemotherapy 
was only 8 wk in duration and, although treated patients responded in terms of hemo- 
globin increase as well or better than was observed in the chemotherapy trial, the dif- 
ference between rhuEPO and placebo in terms of transfusion reduction was not 
statistically significant, presumably because of a significantly reduced power associated 
with the shorter duration of the trial. The results of this unfortunate outcome remain 
with us today; although it is obvious that anemic cancer patients not receiving 
chemotherapy respond as well or better to rhuEPO therapy ( 111 ) than patients receiv- 
ing chemotherapy, no regulatory agency anywhere in the world has approved rhuEPO 
for this indication, and reimbursement policies and hence access to treatment vary 
widely within the United States as a result. 

Eor several years, in the United States the dosing of rhuEPO in clinical practice has 
been flat dose rather than weight-based, and weekly rather than thrice weekly, with 
40,000 U/wk being the usual starting dose, with dose increases for nonresponders after 
4—6 wk. Recently, this dose and frequency was approved by the Pood and Drug 
Administration. 

Early clinical trials of darbepoetin alfa administered to anemic cancer patients receiv- 
ing chemotherapy demonstrated that the drug was effective in increasing hemoglobin 
levels when administered weekly or every 2 or 3 wk ( 112 , 113 ). In randomized, placebo 
controlled trials in anemic patients with lung cancer ( 114 ) or lymphoproliferative malig- 
nancies ( 115 ) undergoing chemotherapy, darbepoetin alfa dosed at 2.25 pg/kg/wk, with 
a dose increase permitted for patients not experiencing a substantial hemoglobin rise, 
were associated with significant reductions in transfusion requirements and decreases in 
fatigue. Studies of the efficacy of darbepoetin alfa in cancer patients not receiving 
chemotherapy have shown that these patients respond well, and can be treated as infre- 
quently as every 4 wk ( 116 ). 

Pixed and weight-based dosing strategies for darbepoetin alfa appear to provide 
equivalent clinical results, regardless of patient weight ( 117 ). In the United States, the 
most frequently used dose and schedule for darbepoetin alfa is a flat dose of 200 pg 
every 2 wk, with a dose increase to 300 pg every 2 wk for patients in whom the response 
is judged to be inadequate ( 118 ). Clinical experience suggests that the results obtained 
with this approach are similar to those observed with currently used doses of rhuEPO 
( 119 ). Two large, randomized trials comparing rhuEPO, at a starting dose of 40,000 
U/wk to darbepoetin, at a starting dose of 200 pg every 2 wk, with both drugs subject 
to dose increases for inadequate response, are in progress and near completion, and 
should determine whether the current dose of either agent is significantly better in terms 
of patient benefit. 

Recently, we have carried out studies exploring the safety and efficacy of darbepo- 
etin administered every 3 wk to anemic patients receiving every-3-week chemotherapy, 
with the darbepoetin given either on the same day as chemotherapy, or 1 wk earlier. Our 
data have shown that chemotherapy is associated with increased levels of endogenous 
erythropoietin, lasting approx 1 wk, as well as reduced clearance of darbepoetin, pre- 
sumably owing to suppressed receptor-mediated clearance. Every-3-wk dosing is effec- 
tive, and synchronous dosing is both safe and no less effective. In Europe, darbepoetin 
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alfa is now approved for every-3-wk dosing in clinical practice, and one would expect 
similar developments in the United States in the future, given the obvious increase in 
patient convenience for patients receiving every-3-wk chemotherapy. 

4.2. Cancer and Cancer Chemotherapy: Improving 
Quality of Life and functional Status 

The year 1997 was a watershed in our understanding of the potential for erythropoietic 
therapy to enhance our supportive care of cancer patients. In that year, the results of a large 
survey of cancer patients was published, and revealed that fatigue rather than pain was the 
symptom most limiting to the function and quality of life of cancer patients ( 120 ), & find- 
ing that was later confirmed in a second even larger survey ( 12 1 ). Also in 1997, the results 
of a large, community-based study of anemic cancer chemotherapy patients receiving 
rhuEPO was published, with results demonstrating that treatment of anemia was associ- 
ated with significant reductions in fatigue, and that the magnitude of the fatigue reduction 
was very strongly correlated with the magnitude of the hemoglobin increase ( 122 ). These 
findings were confirmed and the fatigue reduction was shown to occur in all chemother- 
apy response categories in two subsequent community-based studies ( 123 , 124 ). Finally, a 
randomized, double-blind placebo controlled trial demonstrated the improvement of qual- 
ity of fife enjoyed by patients treated for degrees of anemia that had until that time been 
thought to be asymptomatic and hence clinically insignificant in cancer patients ( 108 ). 
Analyses of the pooled data from two of the large community based studies suggested that 
the greatest gains in energy, functional status and quality of life occurred when hemoglo- 
bin levels rose from 11 to 12g/dL, further challenging ingrained beliefs regarding the 
importance of mild anemia in the supportive care of cancer ( 125 ). 

Although these findings were astounding to oncologist, nephrologists had for years 
recognized that their patients felt best when hemoglobin levels were maintained in the 12 
g/dL range and established standards of care for their field to insure that patients enjoyed 
the benefits of that insight. In a meta-analysis comparing observed quality of fife gained 
for a given hemoglobin increase in studies of anemic dialysis patients to studies of ane- 
mic cancer chemotherapy patients, it was shown that the relationship between rising 
hemoglobin and increased quality of fife was essentially the same for the two populations 
of patients ( 126 ). Not only are cancer patients symptomatic from the pervasive mild and 
moderate degrees of anemia we have been trained to ignore, they are as symptomatic and 
likely to benefit from successful treatment as a group of patients for whom the value of 
treating anemia to levels that optimize function is widely accepted. These observations 
have resulted in a paradigm shift in our thinking about anemia management in the can- 
cer patient and optimizing patient function and comfort is now the major goal of erythro- 
poietic therapy in these patients. This more enlightened goal, which has taken more than 
10 yr to evolve, suggests that earlier intervention, before patients have developed signif- 
icant anemia-related fatigue or are at immediate risk of red cell transfusion, would be the 
logical next step in our efforts to optimally support our patients. 

4.3. Cancer and Cancer Chemotherapy: Safety 

Three issues have been raised regarding the safety of using erythropoietic agents in 
cancer patients. First, more than one hundred dialysis patients in Europe and Canada who 
had been receiving erythropoietic therapy, most frequently administered subcutaneously. 
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recently developed severe, refractory, hypoplastic anemia (127). This pure red cell apla- 
sia (PRCA) has been found to he owing to the development of antibodies that are neu- 
tralizing to endogenous EPO, rHuEPO, and darbepoetin alfa. The epidemiologic data 
suggest that a significant increase in the incidence of PRCA followed the introduction 
into the market of a new preparation of epoetin alfa, produced in response to a European 
mandate aimed at minimizing the chances of transmission of prions by eliminating albu- 
min from all pharmaceuticals. PRCA is uncommon even when this albumin-free epoetin 
alfa preparation is used, is very unlikely to occur when the drug is given intravenously as 
opposed to subcutaneously, has not occurred in cancer patients, and has not been 
observed with the epoetin alfa preparation that is marketed in the United States. Hence, 
PRCA is not currently a safety issue in this country. 

The second issue regards the risk of thrombosis during therapy with erythopoietic pro- 
teins. It has been well documented that there is a slightly higher risk of thrombotic events, 
especially graft occlusions, in dialysis patients receiving rHuEPO. Until recently, it was 
less clear whether this was also an issue in cancer patients treated with these drugs, in part 
because the higher background rate of thrombosis in this population obscures the attribu- 
tion of this adverse event. Based upon an examination of pooled data from all controlled 
trials in cancer patients, it is now clear that there is an increased risk of thrombotic events, 
especially, but not limited to, catheter-associated and deep venous thrombosis associated 
with both rhuEPO and darbepoetin therapy. The best estimates are that the overall risk 
across all tumor types is approx 3% in the control group and 5% in the treated group. It is 
not clear that these thromboses are mediated by the rheological effects of rising or high 
hemoglobin levels; in some reviews, thrombosis risk has been lower for patients with 
higher hemoglobin levels, but this may reflect more severe cancer and thrombotic diathe- 
sis in the more anemic patients. Several other mechanisms for thrombosis associated with 
erythropoietic therapy have been proposed including: activation of receptor bearing vas- 
cular endothelial cells (128), activation of platelets by young erythrocytes (129) and syn- 
ergy between erythropoietin and thrombopoietin in the activation of platelets (130). Of 
course, more than one mechanism may be operative. The recent Cochrane meta-analysis 
of randomized controlled trials of rhuEPO during chemotherapy for anemic cancer 
patients found an increased risk of thrombotic events, with a calculated relative risk of 1 .5 
(131). Not surprisingly, the risk of thrombosis is increased in patients with a history of 
thrombosis. It is now fairly clear that there is a real but small increase in thombosis risk 
when cancer patients receive erythropoietic proteins, and this should be factored into treat- 
ment decisions and discussed with patients. The role of prophylactic measures, such as 
low dose warfarin, in addressing this issue has not been explored. 

The final safety issue arose recently when two randomized trials of the role of 
rhuEPO in enhancing survival in nonanemic patients with head and neck cancer under- 
going radiotherapy without chemotherapy (132) or with metastatic breast cancer under- 
going chemotherapy (paper not yet published if full) reported a decreased survival in the 
rHuEPO treated groups. It is not yet clear whether these observations are the result of 
baseline prognostic imbalances, methodologic flaws, or a real effect of the erythropoi- 
etic therapy. Until additional studies have been carried out, therapy with any erythropoi- 
etic protein for nonanemic cancer patients outside the setting of a clinical trial should 
not be contemplated. 

These findings raised a concern that erythropoietin receptors (EPO-R) on cancer cells 
may be involved, and EPO may be a growth or anti-apoptotic factor for cancers. There 
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are profound technical challenges to further exploring this hypothesis including: the dif- 
ficulty in determining whether receptors identified are on tumor or stromal cells, the pos- 
sibility that immuno-reagents are reacting with proteins other than EPO-R and giving 
false positive readings, the inability to determine whether receptors are functional even 
if present and on tumor cells, and the fact that functional EPO-R expression beneath cur- 
rent levels of detection would be sufficient to mediate an effect on tumor cells. These 
technical challenges notwithstanding, it seems doubtful that erythropoietic agent induced 
tumor progression will prove to be an issue for cancer patients for several reasons: 1) two 
randomized clinical trials in anemic cancer patients receiving chemotherapy have shown 
an trend toward improved survival with rhuEPO ( 108 ) and with darbepoetin ( 114 ) and 
no trial to date has reported an adverse effect on survival, 2) the Cochrane meta-analysis 
of randomized trials of rhuEPO treatment for anemic cancer patients reported a trend 
favoring improved survival in the rhuEPO treated patients ( 131 ) and 3) there is indirect 
evidence and strong theoretical support for the proposition that anemia decreases the sur- 
vival of cancer patients ( 133 , 134 ). To date, there is no evidence that treating anemic can- 
cer patients with erythropoietic proteins is associated with any decrease in survival. 

4.4. Cancer and Cancer Chemotherapy: Challenges for the Future 

Although we now have an appreciation of the importance of anemia management in 
addressing the most important symptom experienced by cancer patients, we still have 
widely varying practice patterns and a significant proportion of patients who would ben- 
efit from treatment go untreated. It is likely that this is in part owing to the fact that 40 
to 50% of treated patients do not “respond” if response is defined as a 2 g/dE increase 
in hemoglobin level that is clearly owing to the erythropoietic therapy. Parenthetically, 
it is important to note that it is not clear that a nonresponder is not benefiting from ther- 
apy; it is possible, for instance, that hemoglobin levels would have fallen further in the 
absence of therapy. Nevertheless, nonresponse is a critical issue and four strategies are 
available to address it: 1) initiate therapy early before the anemia is symptomatic and a 
significant increase in hemoglobin level is not needed, 2) add parenteral iron therapy, 3) 
administer cytokine blocking agents to decrease marrow resistance to the effects of 
EPO, and 4) change the dose and schedule of administration (frontloading). There are 
minimal data available for cytokine blockers, and frontloaded regimens have failed to 
solve this problem. As noted above, early initiation is consistent with the new goals of 
erythropoietic therapy. 

The use of parenteral iron to support rhuEPO treatment in dialysis patients has 
become commonplace, and has shown both response enhancing and dose sparing 
impacts on erythropoietic therapy. Now that safer iron preparations are available, it is 
time to consider the potential of parenteral iron in oncology. It might be difficult for nor- 
mal and iron replete individuals to mobilize iron from stores rapidly enough to prevent 
iron-restricted erythropoiesis in the face of pharmacologic levels of erythropoietic pro- 
teins. Eor cancer patients, who have the anemia of chronic disease impairing iron mobi- 
lization ( 135 ), one might expect the problem of functional iron deficiency to be worse. 
Moreover, patients with the anemia of chronic disease also have decreased gastrointesti- 
nal absorption, making oral iron an even more unattractive prospect than it is in other 
settings. In a recent trial, anemic cancer chemotherapy patients receiving huEPO were 
randomized to receive no iron, oral iron, or two different schedules of parenteral iron 
dextran ( 136 ). The mean increases in hemoglobin concentration were significantly 




Chapter 24 / Cytokines in the Supportive Care of Cancer 



461 



Table 1 



Erythropoietic Therapy: Nephrology vs Hematology-Oncology 





Hematologic 

response 


Transfusion 
risk reduction 


QOL 

improvement 


Mean 

weekly cost 


Nephrology 


>90% 


>90% 


Documented 


$X 


Oncology 


50-60% 


50-70% 


Equally documented 


$3X 


MDS 


20^0% 


Observed but 
unquantified 


Assumed 


$4-6X 



better in the parenteral iron groups than in the oral iron or no therapy groups, and in the 
oral iron group they were not significantly better than no iron therapy. This observation 
has recently been confirmed in a second randomized trial that enrolled more iron replete 
patients and use the safer parenteral iron salt preparation. The recognition that at least 
a part of the nonresponsiveness of cancer patients to erythropoietic proteins can be over- 
come with parenteral iron is the most important recent development in this field. 

A second, related, less often discussed explanation for our failure to implement stan- 
dards in oncology similar to nephrology’s that insure that as many of our patients ben- 
efit as possible is the relatively high cost of treatment in the cancer patient. Because the 
doses of erythropoietic proteins are approx threefold higher in oncology, the per benefit 
(prevented transfusion, gained QOL unit) is much higher {see Table 1). Although it is 
hoped that early initiation and parenteral iron will help, it is likely that the disparities in 
terms of access will remain until novel drug pricing strategies are developed, or less 
expensive agents become available. 

4.5. Myelodysplastic Syndrome 

Anemia associated with MDS is a common, vexing problem in oncology practice. 
These patients are frequently elderly, tolerate anemia poorly, become transfusion 
dependent and inevitably develop complications of transfusion including allo-immuniza- 
tion and iron overload. Sufficient data have accumulated regarding the safety of rhEPO 
therapy in this setting to demonstrate that rhEPO therapy is safe, and not associated with 
either an increased risk of progression to acute leukemia (an interesting observation 
given the recent concerns about the effects of rhuEPO on cancer cells that have not been 
shown to have functional receptors) or with lineage steal. Unfortunately, rhEPO therapy 
is frequently ineffective, failing to increase hemoglobin levels in approx 60% of patients. 

Recombinant human EPO doses of 200-3000 U/kg/wk intravenously, and 
150-2000 U/kg subcutaneously have been studied, with hemoglobin increases noted 
mainly with doses of at least 60,000 U/wk and primarily in the subset of patients in the 
refractory anemia without excess blasts subset of the MDS syndrome (137-145). The 
addition of myeloid growth factor to rhEPO therapy may increase the erythropoietic 
response in patients with MDS. 

Eor patients with symptomatic refractory anemia without excess blasts, it is very rea- 
sonable for the clinician to initiate an 8-wk trial of rhEPO therapy, with or without 
myeloid growth factor therapy, using the highest dose that is feasible in the particular 
reimbursement environment ( 146,147). for responding patients, therapy can be continued 
and doses adjusted to maintain an asymptomatic hemoglobin level. Recently, darbepoetin 
alfa has been shown to be effective in increasing hemoglobin levels in patients with MDS. 
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5. THROMBOPOIETIC AGENTS 

Thrombopoietin is the physiologic regulator of platelet production in humans, with lev- 
els rising in response to thrombocytopenia owing to decreased clearance by megakary- 
ocytes and platelets. Several cloned preparations of this hematopoietic cytokine have been 
introduced into clinical trials, however none of these have yet been approved by the Food 
and Drug Administration. Recombinant human interleukin- 11 or oprelvekin, does stimu- 
late platelet production, and this drug is available for clinical use ( 148 ). It is not commonly 
used both because thrombocytopenia is not a frequent problem limiting our ability admin- 
ister chemotherapy and its administration is associated with fluid shifts that complicate 
management. Currently, there are at least two promising small molecule thrombopoietin 
receptor agonists in clinical development, which may provide us with the ability to induce 
thrombopoiesis when necessary without complicating patient management. 
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